The insecticidal properties of a garlic oil, with special reference to its use against two dipteran pests by Prowse, Gareth Michael
THE INSECTICIDAL PROPERTIES OF A GARLIC OIL, WITH SPECIAL REFERENCE TO ITS 
USE AGAINST TWO DIPTERAN PESTS 
BY 
GARETH MICHAEL PROWSE 
A thesis submitted to the University of Plymouth 
in partial fulfilment for the degree of 
DOCTOR OF PHILOSOPHY 
School of Biological Sciences 
Faculty of Science 
In collaboration with ECOspray® Ltd 
April 2003 
iii 
-----.. -------
RE
"'1 (': ,-..;' ... ( • \>" ,.... . f, .u ( . . . ·~r I J~ </ t 0 ,l 0 \: A,,. . . l]l 
UNIVt-_, · 
Item No. 
Date 
ClassNo., \t-CS \~ b'32·Cf5 PR..o · 
Cont. No ~ 'f -=)5 1.-\-b";)... 0 =-~-t 
I...JI ,~ ~ t .. 
.......___ -- __ ____. 
Abstract 
Garclh Michael Prowse: The Insecticidal Pr·o11erties of a Garlic Oil, with S11ecial Reference to its Use 
Against Two Di11teran Pests. 
llte potential for a quantitatively produced garlic oil for use as an insecticide was investigated. The study 
assessed the garlic oils efficacy in the laboratory and in the field, as well as its physiological effect on three 
key enzymes noted for their involvement either in toxicity, or detoxication of exogenous toxins in two 
Dipteran pests; Delia radicum (L.) and Musca domestica (L.). 
The garlic oil absorbed onto wood flour pellets (prills) had no significant repellent effect on D. 
radicum, in choice tests when presented with artificial oviposition sites. Exposure of 241tr old D. radicum 
eggs to garlic prills placed on the snbstrate significantly reduced egg hatch, whilst exposure to vapours of the 
prills had no significant effect. When used in the field, damage to swede plmll roots by D. radicum was 
reduced in a dose dependent fashion, with the highest application rate (140 kg ha·') providing control 
comparable to that of the 'current best practice' organophosphonrs pesticide. 
In liquid fonn the garlic oil had a dose dependent effect on the mortality of all life stages (egg, 2'"' 
instar larvae, and adult) of D. rndicum and Al. domestica, and corresponding LC5<, values were calculated. A 
5% concentration had comparable mortality rates to the 'current best practice' organophosphonrs pesticide. 
Field application reduced swede root dmmge in a concentration dependent f.1shion with mean root damage 
scores in the 0.5% and 2% concentration treatment plots significanlly lower than those of the control, but not 
significantly different to those in the organophosphonrs pesticide treatments. The liquid had no significant 
effect on swede root circumference at any concentration, thus not significanlly affecting potential crop yield. 
Exposure of pure extracts of acetylcholinesterase, carboxylesterase, and glutathione S-transferase to 
a series of garlic oil concentrations inhibited carboxylesterase activity and glutathione S-transferase activity 
in a dose dependent fashion; no significant inhibition of acetylcholinesterase activity was noted. No 
significant inhibit ion of the three e11zymes studied was noted In vitro or in vivo exposure of larvae and adults 
of both Dipteran species. 
Quantitative assessmenl of the glutathione and lactate pools indicated that there was generally a net 
loss of glutathione with increasing gnrlic oil concentration and no significnnt correlation between lactate 
levels and concentration in the larval and adult life-stages of D. rndicum and M. domeslica. 
It was concluded that the garlic oil studied, both in liquid form and in prill fom1 could be used as an 
insecticide against the two Dipteran pests studied, although the mode of action is still tmclear. Implications 
for use of the products and the potential mode of action nre discussed. 
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Chapter 1: Introduction 
~-.. 
1.1 Insecticide Use 
The production and sale of insecticides is a multi-million dollar business, with exports of 
insecticides from the United States and the UK worth around $450 million and $90 million 
dollars a year respectively (data from the Food and Agriculture Organisation of The United 
Nations; www.fao.org). Consumption of insecticides in the UK and Ireland is vast, 
totalling on average 92,812 metric tonnes per year (table l.l ), with botanicals (products 
derived directly from plants) representing less than I 0% on average between 1990 and 
1998. Over this period the greatest proportion of insecticides used in the U.K. and Ireland 
were organophosphates, a reflection of their efficacy and relatively cheap production costs. 
Second to these are the carbamate pesticides. Both these groups of insecticides cause 
mortality by inhibiting the activity of the enzyme acetylcholinesterase with death due to 
the ultimate failure of the respiratory system (Cremlyn 1991); they are so called 
'anticholinesterase' compounds. These insecticides kill a wide range of insect pests, and 
applications vary from treating crops, to spraying tlmn buildings, and use in sheep dips. 
This broad range of applications is indicative of their non-specific nature, and current 
discoveries of chronic sub-lethal toxic effects in humans, such as sheep dip syndrome 
(DEFRA 2002c), have led to the gradual restriction in the use of many organophosphate 
and carbamate pesticides 
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Insecticide Total Consumption (Metric tonnes) 
!Year 1990 1991 1992 1993 1994 1995 1996 1997 1998 
Botanical and 
biological Products * * 12 13 13 4 5 4 * 
Carbamates * • 204 226 260 267 209 210 9 
Organophosphates * * 485 544 773 717 493 512 48 
Synthetic 
Pyrethroids * . 53 54 36 50 82 83 3 
Iotallnsecticides 91,894 94,387 99,075 96,412 105, 190 108,715 125,938 113,700 * 
.. .. Table 1.1: lnsectJcJde consumptiOn for The Umted Kmgdom and Ireland, major msectJcJde groups 
included. Collated from the Food and Agriculture Organisation of The United Nations. *; data 
unavailable 
The U.K. farming industry is currently in decl ine; many farmers are struggling to make a 
profit from the industry and only very large farms (for example; K.S . Coles and son in 
Wellington, Somerset, farm some 3000 Acres each year, and deal in crops that are 
considered ' niche' products such as swede.) are managing to stay solvent in the current 
economic climate (R. Moynan an active agronomist in the south west, pers. comm.). 
These observations are supported by a decl ine in the amount of land used for agriculture; 
between 1985 and 1996, 0.5M Ha of land was lost from agri cu lture (Thomas & Wardman 
1999). This decline is attributable to a nu mber of things; the strength of the U.K. 
economy, changes in government legislation reducing the amount of pesticides used each 
year and competition from cheaper European imports (Thompson 2002). Most recently the 
change in attitude to the anticholinesterase has exacerbated the economic problems faced 
by many farmers. 
Organophosphorus pesticide use has been in decli ne since 1995 as a resu lt of legislative 
restrictions and improved targeting and application of the products (Thompson 2002). The 
implications of restricting these compounds in the U.K. can only add to the current decline 
in the farming industry. Any increase in crop production costs, as a result of using less 
effective control products, leaves the British farming community at a competitive 
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disadvantage against cheaper European imports, and can only accelerate the loss of 
farmland in the U.K. 
One area of the farming industry dependent on organophosphorus compounds is brassica 
crop production. In the U.K. alone nearly 26,000 Ha of farmland is planted with brassica 
crops each year giving a marketed yield of 482,800 tonnes of vegetables wmth almost £3 I 
million in 200 I (Table 1.2). Brassica crops are particularly sensitive to attack from the 
cabbage root fly, Delia radicum (L.), the larvae of which feed on the root system of the 
plant. 
Crop 
Turnip and 
Swede 
Area planted 
(ha 
3,634 
Marketed crop 
yield (K tonnes) 
107.6 
Marketed value 
for year (£ K) 
21,809 
Brussels Sprouts 4,093 66.1 17,465 
Cabbage 8,705 258.5 61,913 
Cauliflower 9,490 110.6 29,674 
Total 25,922 482.8 130,861 
Table 1.2: Crop statistics for common Brassica crops in the U.K. for the growing season ending in 
2002 Data from 'Basic Horticultural Statistics' (DEFRA 2002a). 
In order to produce quality marketable crops it is essential to control cabbage root fly 
numbers. Control of D. radicum, the principle pest of brassicas (Finch & Collier 2000), is 
dependant on the use of pesticides such as Birlane""' and Sapecron""', which use 
chlorfenvinphos, an organophosphorus compound, as the active ingredient. In 200 I the 
approval licence for chlorfenvinphos was revoked following a review of anticholinesterase 
compounds by the government in 1998 (DEFRA 2002b ). Perhaps reflecting this 
announcement, imports of brassica crops increased substantially between the year 2000 
and 200 I (table 1.3). Crop production however showed no decrease in either market yield 
or area planted (DEFRA 2002a), suggesting that consumer demand may have increased 
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necessitating greater import quantities to make up for a short fall in supply from the British 
market. 
An extension of approval to July 2003 (the date on which the compound is to be revoked 
throughout Europe) for use of chlorfenvinphos on swede (Brassica rapa L. var. 
napohrassica) and turnips (B. rapa L. var. rapa) was announced by Lord Whittey, the food 
and farming minister, on the 19°' of December (DEFRA 2002b) following lobbying by 
producers (R. Moynan, pers. comm.). To date there is still no alternative insecticide to 
these anticholinesterase compounds for the control of cabbage root fly. 
Crop Weight of imported crops Market value of imported 
(K tonnes) crops(£ K) 
2000 2001 2000 2001 
Carrots and 41.2 110.4 13,879 32,544 
Turnips 
Caulinower and 92.6 112.0 55,077 75,554 
Broccoli 
Other Brassicas 33.4 39.6 12,680 18,762 
Table 1.3: Brasstca tmport stat1Sf1cs for the years 2000 and 2001. Data from 'Agricultural and 
Horticultural Census: 5 June 2002' (National Statistics & DEFRA 2002). 
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1.2 The Alternatives 
Brassica growers currently are faced with a difficult situation. No equivalent chemical 
alternative to chlorfenvinphos is available; indeed the extension of the approval for 
chlorfenvinphos was granted to enable growers to find an effective alternative method of 
pest control (R. Moynan, pers. comm.). One such method, widely used by swede farmers, 
is Enviromesh™, a bonded fibre barrier material lain over the crop to prevent access by D. 
radicum and other pests. Enviromesh™ is expensive compared to traditional pesticides; 
the mesh is used repeatedly over subsequent growing seasons, and claimed to last 
approximately 5 years. The initial outlay for the product is approximately £3700 Ha·', 
which equates to £740 Ha-1yr" 1, assuming the mesh survives the five years, whereas three 
applications of Birlane'*' through one year costs just £108 Ha·' (P. Coles, pers. comm.). 
Enviromesh™ is also difficult to work with; problems occur when the barrier is damaged 
or laid too late, trapping pest insects beneath it. This problem is exacerbated if the same 
crop is sown in consecutive years; over-wintering tlies emerge from their puparia and are 
trapped next to the crop (Finch & Collier 2000). Use ofEnviromeshTM will no doubt lead 
to an increase in overall crop production costs, due to the increased cost of pest control per 
hectare compared to using organophosphates. The swede market in the U.K. may face, 
therefore, a serious decline as a result of the escalating costs of pest control (P Coles, pers. 
comm.). 
The restriction of chemical control products will require increased dependence on cultural 
and biological control methods to make up for the deficit in crop quality and yield as a 
result of losing effective chemical control products. Further methods potentially available 
include the production of cultivars that are resistant to pest damage by selective breeding, 
the release of sterilised pest individuals to reduce fecundity in the natural population, and 
more recently the introduction oftransgenic crops (Finch & Collier 2000), where genes for 
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toxin production have been 'spliced'; into the plants genome; for example the gene which 
codes for the proteinaceous insect toxin present in Bacillus thuringiensis (Bt) has been 
successfully introduced into broccoli plants (Bra.\~l·ica o/eracea (L.) s.\]J. !talica) which 
afforded the plant effective protection against Plutel/a xylostel/a (L.) (Cao et al. 1999). 
The science behind the methods noted above is sound; the problem lies in developing cost 
effective and efficient methods for crop production in the U.K, which allow successful 
competition with foreign imp01ts. The disparity in cost of foreign imp01ts and those 
produced in the U.K. is generally due to less restrictive pesticide regulations in other 
countries allowing widespread use of control products banned in the U.K. Agrochemical 
companies tend to focus on the largest market for the sale of their products (Thompson 
2002), in the case of the organophosphates this excludes the U.K.; the research and 
development of a new product for the swede industry in the U.K. is therefore unlikely due 
to cost and the small scale of the sector. 
This throws open the opportunity for the production of a new suite of control products 
which fit the government's requirement for sustainable crop production, and leaves an 
industry desperate for an alternative to the products they have lost. The farmers within the 
swede industry are open to ideas, and the possibility of using 'environmentally benign' 
methods of pest control also allows the potential to exploit the growing organic vegetable 
market. One potential source for new products are plant extracts (Botanicals). There are 
already a number of plant products available to agriculture, the most successfi.tl are the 
pyrethrins, although the majority of products available today are synthetic chemicals 
modified to improve the chemical characteristics of the original plant derivative (e.g. 
extending shelf life or persistence), and are not without their own safety issues (Cremlyn 
1991 ). 
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Various botanical extracts have been investigated for their insecticidal properties; these 
include extracts from the neem tree, thyme, avocado, citronella and garlic (Lindsay et al. 
1996; RodriguezSaona & Trumble 1996; Dhar et al. 1996; Mansour et al. 2000; Birrenkott 
et al. 2000). Within the literature by far the best-represented extracts are those from neem 
(Azadirachta indica, A. Juss) and garlic (Allium sativum, L.) with which extensive 
investigations have been performed. Neem has been shown to have significant insecticidal 
properties in many insect species, including Lepidoptera, Coleoptera, Heteroptera and 
Diptera. Aqueous extracts of neem were found to reduce egg hatch in both Lepidopteran 
and Heteropteran species (Ekesi 2000), and provided complete protection of stored maize 
from beetle damage for up to six months (Jood et al. 1993a). Investigations into the mode 
of action of neem extracts and its active ingredient azadirachtin have revealed repellent and 
antifeedant effects and interference with growth regulation. Effects have been noted on 
reproduction and on growth regulation; including, interference with growth rate, moulting 
and development (lsman et al. 1991 ). Neem extracts have been formulated into pest 
control products, for example K+ Neem Insecticidal Soap®, a formulation of potassium 
salts derived from fatty acids and neem extract, is available for use on commercial crops. 
Similarly, garlic extracts have also shown considerable toxicity to a number of pest 
species, across all life stages; like neem the insect orders susceptible include the 
Coleoptera, Lepidoptera, Heteroptera and the Diptera. Aqueous garlic extracts have been 
shown to inhibit egg hatch of mosquitoes (Jarial 200 I), whilst steam distillates are reported 
as having both toxicant and antifeedant effects on Coleopteran stored product pests (Chiam 
et al. I 999). Both the Homoptera and Heteroptera are also susceptible to garlic extracts, 
with both repellent and toxic effects reported (Flint et al. I 995; Gurusubramanian & 
Krishna 1996). Extracts and oils from garlic, have also been formulated into pest control 
products. Garlic Barrier Ag®, Exorsect®, Brekasol® and Allicina® are commercially 
8 
' ' 
1produced garlic iextracts ·suitable ,for crop; .protection against' ;many pest. spectes front 
. . ' 
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1.3 Garlic as an Insecticide 
1.3.1 Garlic cllemistry 
Garlic chemistry is particularly complex; the chemistry of the intact bulb is different to that 
of a crushed or sliced bulb, and the conditions under which the bulb is processed directly 
affects the chemicals that can be derived. The volatile chemicals that account for the smell 
of both cooked and fresh-cut garlic all stem from one parent compound, alliin ((+)-S'-2-
propenyi-L-cysteine S-oxide) (Block 1985). Alliin is found free in the cytoplasm of the 
garlic cells, and on cutting or maceration carbon-sulfur lyase enzyme, allinase (sometimes 
known as alliin-lyase) (Stall & Seebeck 1951) is released from the vacuoles of the ruptured 
plant cells. Allinase breaks alliin down into sulfenic acids, highly reactive organosulfur 
intermediates which then react to form allicin (2-propene-1-sulfinothioic acid) (Block 
1992). 
Allicin is a chemically unstable, colourless liquid, responsible for the odour of freshly cut 
garlic, which self decomposes through two pathways. One pathway forms 2-
propenesulfenic acid and thioacrolein; two molecules of the sulfenic acid then condense to 
regenerate a molecule of allicin and the remaining thioacrolein molecules self-condense to 
give two different types of vinyl-dithiin. Through the other pathway, three allicin 
molecules combine giving two isomers of the molecule ajoene (2-vinyl-2,4-dihydro-1,3 
dithiin and 3-vinyl3,4-dihydro-l ,2-dithiin) (Block 1985). These reactions occur under 
natural conditions and changing these conditions allows the extraction of different sulfur 
containing molecules. 
Boiling garlic in water, and distilling the steam is the harshest method of extraction. It 
gives an oil containing mainly diallyl disulfide (essentially reduced allicin, i.e. the oxygen 
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atom is lost), with lower amounts of diallyl trisulfide and diallyl tetra sulfide, which are all 
formed by the thermal decomposition of allicin. Maceration of garlic in ethyl alcohol and 
water at room temperature (25°C) allows the extraction of allicin, whilst processing at less 
than 0°C in ethyl alcohol allows the extraction ofthe precursor, alliin (Block 1985; Block 
1992). Various preparations have been used in the literature for insecticidal studies, 
employing all of the different extraction techniques. Some preparations have proven more 
effective than others (Amonkar & Banerjee 1971; Flint et al. 1995; Liu & Stansly 1995; 
Huang et al. 2000; Jarial 2001}, a consequence of the inherent differences in the chemical 
constituents of the different extracts which provides clues as to the active ingredients of the 
preparations. 
1.3.2 Garlic extracts: use as pesticides 
There are many examples in the literature where garlic extracts have shown both toxic and 
repellent I antifeedant effects on various invertebrate species. Table 1.4 gives a summary 
of studies and indicates the extent of variation in extraction technique and effect on the 
invertebrates studied. These studies provide good evidence that garlic could be used 
effectively in the control of pest insects. 
A range of products is available that use garlic extracts in commercial formulations for pest 
control; these products are however not without their limitations. Flint el al. (1995) 
compared the effects of two commercial products, Garlic Barrier Ag® and ENVIRepel110 
with those of chopped garlic extract and a steam distilled garlic oil on the silverleaf 
whitetly Bemisia argentijolia (Bellows and Perring). Cotton plants were sprayed with 
each of the products and the plants monitored weekly for white fly. Garlic oil sprays and 
ENVIRepel® gave no protection whilst a I 0% solution of Garlic Barrier Ag® reduced egg, 
larvae and nymphal numbers over fourteen days; a I 0% solution of the chopped garlic 
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Species Garlic derivative Effect Author 
Alphitobus diaperinus (Coleoptera) 'Brekasol' garlic oil. Commercial preparation. Repellent toward adults and larvae at 0.25%-2.0% (Biackwell & Mands 2001) 
(Brekland International Ltd) concentrations in water. 
Tribolium castaneum and Sitophilus zeamais Ally l disulfide Acted as both toxicant and antifeedant toward both larvae (Chiam et al. 1999) 
(Coleoptera) .. and adults as wells as reducing egg viability. 
Tribolium castaneum and Sitophilus zeamais Methyl allyl disulfide and diallyl trisulfide Acted as both toxicant and antifeedant toward both larvae (Huang et al. 2000) 
(Coleoptera and adults as wells as reducing egg viability. Diallyl trisulfide 
most efficacious. 
Maruca vitrata (Lepidoptera) and Clavigralla Aqueous extract (Maceration in water) and crushed Volatiles from crushed garlic bulbs and 5, 10 and 15% (Ekesi 2000) 
tomentosicol/is (Heterof)tera) raw garlic. Laboratory preparation aqueous solutions significantly reduced egg hatch 
Earis vitte/1 , Spodoptera litura, Helicoverpa Crushed raw garlic. Laboratory preparation. Eggs of all species exhibited significant reduction in egg (Gurusubramanian & 
armeigera (Lepidoptera ), Oysdercus koenigii viabil ity after exposure to garlic vapours. Larval I nymphal Krishna 1996) 
(Hemiptera). from exposed eggs exhibited developmental problems. 
Trogoderma granariumi (Coleoptera) Garlic leaves Leaves mixed with maize kernels at 1 and 2% wlw rates. (Jood et al. 1993b) 
Stores protected by garlic from infestation for up to 1 month, 
i.e. repellent I antifeedant 
Cydia pomonella (Lepidoptera) Steam distillation, 'essential oil' (Lab oratory Acted as repellent preventing larvae reaching food. (Landolt et al. 1999) 
preparation). (likely to contain diallyl disulphide and 
dially sulphide (Block 1985) 
Lymnaea acuminata and lndoplanorbis exutus Aqueous extract and latterly allicin (Laboratory Toxic to snails, both dose and time dependent. (Singh & Singh 1993; 
(Mollusca) . preparation) Singh & Singh 1996) 
Aedes aegypti (Diptera) Aqueous extract (Laboratory preparation) 6% garlic extract prevents egg development and subsequent (Jarial 2001) 
hatch. 
Scistocerca gregaria (Orthoptera) Stem distilled extract (Laboratory preparation). 1% solution in water applied to plant foliage, and allowed to (Thapar & Chandra 1981) 
dry before feeding did not deter locusts. 
Syrphus corollae (Diptera), Chrysopa carnea Methanolic garlic extract Laboratory preparation) Exposure of larvae and pupae gave increased mortality in all (Nasseh 1982) 
(Neuroptera), Coccinella septempunctata three species. 
(Coleoptera). 
Musca domestica (Diptera) and Trogoderma Dially disulfide and dially l trisulfide mixture Exposure of larval and adults stages of both species to (Bhatnagar-Thomas & Pal 
granarium. (Laboratory preparation, steam distillate) vapours of extract gave increased mortality when compared 1974a) 
to control. Mortality rates were linked to exposure time. 
Ixodes ricinus (Arachnid) Aqueous and alcoholic extracts. Application of both extracts caused t ick mortality within (Cartar 1954) 
30mins 
Bemisia argentifolia Garlic barrier Ag~, ENVIRepel"', and laboratory Steam distilled oil and ENVIRepel"" gave no protection to (Flint et al. 1995) 
prepared aqueous and steam distil led extracts. cotton plants to B. argentifo/ia, whilst 1 0% Garlic Barrier 
provided protection for up to 14 days, with bet protection 
afforded by 10% aqueous garlic extract. 
Bemisia argentifolia Garlic Barrier Ag"" No significant difference in number of B. argetifolia adults (Liu and Stansly 1995) 
found on t omato plants between control and Garlic Barrier 
treatments. 
Table 1.4: Effects of vanous gar/1c extracts on mvertebrate spec1es, wffh reference to authors. 
extract provided the best protection. However, a similar study using the same species 
showed no significant difference in control between Garlic Barrier Ag® and the control 
treatment (Liu & Stansly 1995). Efficacy would appear to vary between batches of Garlic 
Barrier Ag®, i.e. different containers of Garlic Barrier Ag® have different efficacies. 
Preliminary studies performed by colleagues have supported this result (M. Groom, pers. 
comm.); mortalities of the biting midge, Culicoides impunctatus (Goetghebuer), larvae 
varied greatly between batches of Garlic Barrier Ag®. Variation in efficacy between 
batches limits the commercial success of a pesticide product due to the strict regulations 
involved with registering pesticides in the U.K. Consistent efficacy must be proven 
outright, before a license is granted by the Pesticide Safety Directorate. It is perhaps this 
variability within product batches that prevents garlic pesticides from becoming 
'mainstream', either through successful registration or in winning product confidence with 
the farming community. Production of a garlic extract that is consistent between batches 
during production will therefore be essential for any product to succeed, in both control 
and commercial senses. 
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1.3.3 Potential mode of action 
There are few studies in the literature that consider the mechanism of toxicity or mode of 
action of garlic on invertebrates. However, studies investigating the effect of garlic 
extracts on metabolic enzymes have shown promising results. Bhatnagar-Thomas and Pal 
( 1974b) suggested inhibition of acetylcholinesterase as the principle mode of action of a 
garlic oil containing diallyl di and tri sulfide in Musca domestica (L.). However, this 
conclusion was made on the observation of increased acetylcholine levels rather than 
actual acetylcholinesterase inhibition. Singh and Singh ( 1995; 1996; 2000) have 
conducted numerous studies investigating the effect of allicin on the freshwater snail 
Lymnaea acuminata (L.), which exhibited decreased acetylcholinesterase activities when 
exposed to allicin solutions in vivo, a result supported by acetylcholinesterase inhibition 
using snail homogenates in vitro (Singh & Singh 1996). 
Acetylcholinesterase is an essential enzyme for the fi.mction of nerves, as it breaks down 
acetylcholine produced to transmit the nerve impulse across the synaptic gap, and therefore 
between nerves (Voet & Voet 1995). Acetylcholine binds with receptors on the receiving 
nerve causing depolarisation of the nerve cell and transmission of the nerve impulse. 
Acetylcholinesterase breaks down the acetylcholine, stopping the impulse. Inhibiting this 
enzyme prevents the breakdown of the acetylcholine and leaves the receiving nerve in a 
permanent state of excitation. Consequently any muscle controlled by an effected nerve 
will continually receive the message to work, leading to involuntary muscle contraction. 
Eventually the nerves controlling essential muscle groups such as those required for 
respiration fail, causing the insect's death. 
The carboxylesterases, a group of esterase enzymes, similar m function to 
acetylcholinesterase, have a much larger range of substrates enabling them to detoxify 
pesticides conferring resistance to many invertebrates (Kaliste-Korhonen et al. 1996) 
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Their function in this role is attributed to either the breakdown of the pesticide directly 
leading to its ultimate detoxification, or by binding permanently with the pesticide 
reducing its effective concentration in the organism, thus minimising the chances of it 
inhibiting acetylcholinesterase (Yuan & Chambers 1998). Therefore, carboxylesterases 
may afford insects resistance to garlic pesticides. 
Garlic extracts and their associated compounds, are also recognised as reacting readily 
with enzymes and compounds containing thiol groups (Rabinkov et al. 1998). This mode 
of action has linked garlic compounds with the inhibition of various enzymes containing 
essential thiols, for example lactate dehydrogenase, alkaline phosphatase (Singh & Singh 
1996), and alcohol dehydrogenase (Rabinkov et al. 1998), although inhibition of these 
enzymes has not been linked with mortality directly. The enzyme group associated with 
the metabolisation of glutathione also contains thiols; inhibition of these enzymes by garlic 
compounds has been linked to causing cell death in rats. In a bioassay of rat hepatocytes 
performed by Sheen et a/ (I 999), a 2mM solution of diallyl disulfide caused a reduction in 
cell viability through increased lipid peroxidation. Glutathione S-transferase, glutathione 
peroxidase and glutathione reductase activities were all reduced and an increase in 
glutathione levels was recorded. Inhibiting glutathione peroxidase will effectively reduce 
the capacity of the cell to detoxify hydrogen peroxide, a major cause of lipid peroxidation 
(Halliwell & Gutteridge 1999), causing the death of the cell by damaging cell and 
organelle membranes. 
The enzyme Glutathione .\'-transferase, is also involved in the metabolism of xenobiotics, 
by conjugating insecticides and other toxins with reduced glutathione (GSH) by thiol-
disulfide exchange, thus allowing excretion of the toxin (Huang et al. 1998). The reduced 
glutathione pool is essential to the maintenance of thiol containing proteins and excretion 
of both exogenous and endogenous toxins, and is invaluable in the control of free radicals 
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and oxidants (such as hydrogen peroxide) {Halliwell & Gutteridge 1999). Rabinkov et al's 
work {1998) showed that allicin will react with thiol compounds (for example, GSH), 
through thiol-disulphide exchange. The same process is possible with diallyl disulphide 
(Jocelyn 1972), and possibly diallyl trisulfide, components of garlic oil . This suggests that 
garlic oil may also react with thiol compounds, possibly reacting chemically with GSH or 
by conjugation to GSH via the action of glutathione S-transferase. Whilst Sheen et at 
{1999) acknowledge inhibition of this enzyme in rat cells, it may be possible that the 
glutathione S-transferase enzymes act as a detoxification mechanism, working in a similar 
fashion to that of carboxylesterase, i.e. by binding with the garlic compounds their 
effective concentration in the cell is reduced. 
Glutathione S-transferase may also act to detoxify the garlic compounds by conjugating 
them to GSH enabling excretion; glutathione S-transferases are already noted as being 
involved in the detoxification of both allelochemicals (which garlic compounds are) and 
insecticides (Yu 1992a; 1992c; 1999). Induction of glutathione S-transferase has been 
observed in the bulb mite, Rhizoglyphus robini (Claparede), and is thought to be indicative 
of a potential resistance mechanism rather than that of a toxic effect (Capu et al. 1991 ). 
Induction of glutathione S-transferase in insects exposed to the garlic oil would indicate 
possible detoxification of the garlic compounds. 
Acetylcholinesterase inhibition represents a possible mode of action causmg insect 
mortality for the garlic oil supplied by ECOspray® as it has been implicated in the mortality 
of various invertebrates by other authors (Bhatnagar-Thomas & Pal 1974b; Singh & Singh 
1996). Thiol containing enzymes may also play a part; as the potential reaction of garlic 
compounds with GSH and the thiol containing enzymes associated with the maintenance of 
GSH (such as glutathione S-transferase) would have serious implications for cell health. 
These reactions may also be a potential method of detoxification of the garlic compounds 
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By studying acetylcholinesterase, glutathione ,)'-transferase and carboxylesterase activities 
after exposure to the ECOspra/' garlic oil an understanding of both the possible toxic 
effects of the constituent compounds and potential resistance mechanisms employed by the 
insect in dealing with them will be achieved. 
1.3.4 ECOspray® garlic oil 
The company ECOspra/' Ltd, based in Hillborough, N01folk, are dedicated to the 
production of novel pest control alternatives to traditional pesticides and advanced insect 
traps. The garlic oil provided by ECOspray® for use in this project addresses the problem 
of batch variability, discussed earlier, as production of the oil is unde11aken by the 
company Diana-Vegetal in Antrain, France who produce garlic flavourings for use in the 
food industry. In order to maintain food safety standards for the consumer it is essential 
that the product is organoleptically and chemically consistent between batches. 
Consequently the quality control procedures necessary to ensure batch consistency are 
already in place and particularly strict. These same production standards are applied in the 
production of ECOspra/''s garlic oil, ultimately intended for use commercially as a 
control product to protect swede and other brassica crops from D. radicum. This means 
that any given garlic formulation can be accurately produced with each batch. The 
procedure uses steam distillation of crushed garlic and fractionation of the subsequent oil 
to separate the different constituent compounds. These fractions can then be recombined 
in the ratio required by the customer. This allows for both accurate reproduction of a given 
mixture and the ability to adjust the mixture to improve efficacy if any one of the 
constituents is identified as having the greatest biological activity. 
HPLC analysis on the garlic oil produced by Diana-Vegetal conducted by Prof. Eric Block, 
an expert on the chemistry of Allium species based in Albany University, New York, 
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revealed that the main constituents of the garlic oil are diallyl trisulfide, diallyl disulfide 
and diallyl tetrasulfide, in decreasing order of concentration_ Small quantities of other 
compounds such as allyl-methyl polysulfides were also found; these other compounds 
were found at concentrations an order of magnitude lower than diallyl disulfide and diallyl 
trisulfide. 
The oil produced for ECOspray® is intended for use in one of two ways; either absorbed 
onto wood flour pellets called 'prills' at a rate of 22% w/w, or for use as a liquid mixed 
with an adjuvant oil. These formulations allow the product to be used with conventional 
farming machinery already in place for application of conventional liquid and granular 
pesticides and fertilisers. The prills can be made in various sizes and at present two are 
available, one to fit 2mm calibre machinery and the other with a Smm calibre. Prills are 
intended for both topical application to the soil surface and also for soil inclusion with the 
swede seed during drilling. The liquid is intended for topical application, where the 
mixture of garlic and adjuvant oil will be diluted in water prior to spraying with 
conventional equipment. 
1.3.5 Why use an adjuvant? 
The Pesticide Safety Directorate defines adjuvant oils as: 'A substance other than water 
without significant pesticidal properties, which enhances or is intended to enhance the 
effectiveness of a pesticide, when it is added to that pesticide'. Adjuvants are used to 
improve pesticide effectiveness; they can reduce the surface tension of the liquid mixture 
improving the wetting properties of the mixture, allowing the pesticide a greater chance of 
'sticking' to the plant (Young et al. 1996). This is essential for waxy crops such as swede 
and the cereals, which shed liquids (and therefore pesticide) easily due to their 
morphology. Also crucial to the wetting properties of the pesticide is the droplet size of 
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the spray; droplet size is in part determined by the set up of the spray machinery itself, i.e. 
hydraulic pressure and nozzle aperture of the spray equipment, but is also due to the 
characteristics of the liquid. Thick liquids (e.g. any oil) will give larger droplets than those 
produced by 'thin' liquids (e.g. water) (Akesson et al. 1994). Large droplets (greater than 
250 microns) tend to 'bounce' off of the plant surface reducing the effective amount of 
pesticide 'wetting' the plant 
Droplet size also affects the drift of the pesticide on the wind; when the droplet size is 
smaller than 120 microns the pesticide liquid will have an increased tendency to drift 
(Akesson et al. 1994) By adding an adjuvant, and therefore thickening the liquid mixture, 
the droplet size is increased reducing the chances of the pesticide mixture from drifting. 
By varying the adjuvant and pesticide mixture the liquid can be 'tuned' in order to achieve 
the optimal droplet size that minimises both bounce and drift. Finally, adjuvants can act as 
buffers, reducing high water pH levels that may have a detrimental effect on the stability of 
the pesticide. Ultimately, by using adjuvants in combination with pesticides the efficacy of 
the control product is increased, which can lead to a reduction in the amount of pesticide 
necessary for effective control. The use of an adjuvant with the garlic oil should help to 
improve the spray characteristics ofthe final mixture for reasons described above. 
19 
1.4 Target Species 
1.4.1 Delia radicum; tile cabbage root fly 
D. radicum (L.) (Diptera; Anthomyiidae) is a major pest ofbrassica crops; its distribution 
is restricted to the temperate holoarctic region (35°-60"N). The larvae feed mostly on the 
roots but sometimes also on the aerial parts of cruciferous plants (Coaker & Finch 1971) 
causing both 'direct' and 'indirect' damage. Direct damage is of most importance as it 
relates to the part of the crop required for human consumption. In the case of swede crops 
this is damage to the root where slight damage can make the· crop unmarketable; 
consequently the level of pest control required is extremely high (Finch 1993a). Indirect 
damage is tolerable in crops where the cabbage root fly larvae eat parts of the plant not 
intended for human consumption, such as cauliflower, as most plants can tolerate some 
feeding before yield begins to suffer. Due to its cosmopolitan distribution and significance 
in terms of impacts upon brassica production, much research has been conducted into the 
ecology and life histmy of D. radicum. Coaker and Finch ( 1971) provide an exhaustive 
review of the basic autecology of D. radicnm. 
1.4. 1.1 L(fecycle 
Within a growing season there are between one and five generations of fly, depending on 
climate. ln warmer conditions (such as those found in south-west England) four 
generations are common, with five occurring in parts of America. In Russia the number of 
generations can be restricted to one, due to the shorter growing season. Orientation of 
gravid adult females to host plants is initiated by the detection of, and movement upwind 
toward isothiocyanate volatiles from the plant, resulting in the eventual detection of a 
suitable host, stimulated further by visual detection at close range (Coaker & Finch 1971; 
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Hawkes et al. 1978). Upon landing on the host plant, glucosinolates stimulate a series of 
behavioural patterns that results in oviposition (Traynier 1967b ). 
Female flies lay their eggs under soil crumbs and in cracks of the substrate within 5-I Ocm 
of the plant stem, in the top Smm of the soil surface. Within one week of laying the eggs 
hatch, and the larvae make their way to the plant root where they feed on the main taproot. 
The larval stage lasts between 19 and 32 days depending on climate conditions and food 
availability, cooler temperatures extend the larval period and limited food or water 
availability generally reduce the larval period. In the U.K. the first instar generally lasts 
approximately four days, the second six days and the third ten to twenty days before 
pupation. Pupation generally takes place in the soil amongst the plant roots, generally at a 
depth of 8-12cm. Later generations will over-winter and thus take a period of five to 
eleven months before hatching in favourable climatic conditions. 
1. 1.4.2 Delia radicum control 
As larval damage is the principal cause of damage to brassica crops, control of this pest 
insect has focused on targeting the application of insecticides on the root system. This has 
been achieved by spot, or band-spraying, where the insecticide is sprayed only onto the 
plant or in a narrow band over the row of plants rather than spraying the whole tield (Finch 
l993a). Changes in application technology have also allowed more effective pesticide 
application. The addition of a drop-leg sprayer to the conventional spray boom has 
allowed application of the insecticide directly to the soil surface (P. Coles, pers. comm.). 
These developments ensure that control products are applied in close proximity of the 
swede or brassica stem. As D. radicwn eggs are generally laid in a radius of Scm radius 
around the stem (Kostal et al. 2000) the likelihood of hitting either the eggs or recently 
hatched larvae is therefore maximised. 
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Currently the insecticides used are Birlane® and Sapecron®, both contain chlorfenvinphos, 
an organophosphorus compound which inhibits acetylcholinesterase. These products are 
widely used and provide efficient control against D. radicum at relatively low rates (0.3% 
concentration for Birlane®) and are used as part of integrated schemes employing pest 
forecasting (P. Cotes. Pers comm.), enabling insecticide application when pest pressure 
reaches critical levels. A non-chemical control method used, is the laying of 
Enviromesh™ over the crop. Enviromesh™ is a bonded fibre fleece sheeting that prevents 
pest access to the crop without restricting light levels to the crop; the fleece also protects 
the crop from frost when planted early in the season. Enviromesh™ is effective, but is 
difficult to work with; considerable effort is required to lay, and anchor the fleece to the 
ground preventing the sheeting from being blown away in strong winds. Other problems 
arise when the sheeting is damaged leaving holes through which pests can gain access, and 
often pests that over-winter in the soil can be trapped under the fleece immediately after 
emergence (Finch & Collier 2000). Nonetheless, both methods have been used to good 
effect in the farming community. 
1.4.2 Musca domestica; tile housefly 
The housefly, Musca domestica (L.) (Diptera; Muscidae), is a serious pest of poultry and 
livestock as well as representing a significant health threat to humans (Axtell & Arends 
1990). The housefly acts as a mechanical vector of human and animal pathogens (Oidroyd 
1964) having adapted to living close to both livestock and humans, feeding on both human 
food, organic waste and faeces. It is this movement between waste and food that is integral 
to the transmission of disease, vectoring bacteria, nematodes and viruses between species 
and food sources; this function has led to the development of extensive control 
programmes for the housefly (Liu & Yue 2000). One area where housefly populations are 
particularly problematic is in poultry farms, where large populations can cause concern for 
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neighbouring residential areas (Axtell & Arends 1990). The use of pesticides to control 
the houseflies has led to the development of M. domestica strains that are cross-resistant to 
unrelated pesticides (Liu & Yue 2000), consequently the search for new pesticides that 
avoid these cross-resistance mechanisms is essential to the further control of this pest. 
1.4.2.1 Lifecycle 
Adult flies lay batches of eggs in the cracks and crevices of the food supply; moist 
substrates are selected in order to avoid the desiccation of the eggs, generally rotting 
organic matter or dung Under optimal conditions (37°C) the eggs hatch in around Shr. 
The larvae of the fly undergo three instars, the first and second instars lasting around 
24hours and the third lasting three clays. At the end of the third instar the larvae ceases to 
feed and buries itself in drier substrate to pupate. The complete life cycle takes between 
six and ten days to complete (Oidroyd 1984; Axtell & Arends 1990). 
1.4.2.2 Musca domeslica control 
All the life stages of the housefly are generally considered pestiferous with each stage 
being undesirable for its own reasons. Consequently the control measures developed to 
date are efficacious against each stage. In poultry farms control focuses on larvae and eggs 
which are found in the manure of the poultry which accumulates in massive piles below 
the facility, or is stored in heaps at the farm (Axtell & Arends 1990). Birlane® is also used 
in the control of the housefly and is recommended for use as a spray used by spraying farm 
buildings where flies are a pest to livestock (Cyanamid ltd, product packaging) The 
housefly is becoming increasingly resistant to mainstream organophosphorus and 
pyrethroid pesticides, with the carboxylesterases and glutathione S-transferases 
implemented in the detoxification of these compounds, with resistance to new compounds 
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1.5 Thesis Aims 
The work reported within this thesis follows two main themes. Firstly, the demonstration 
of efficacy of the garlic oil and garlic prills supplied by ECOspray®, in the laboratory and 
the field, and secondly to determine the biochemical effects of the garlic oil on the insects, 
with particular reference to those enzymes responsible for possible mortality and 
resistance. The study uses two target pest species as models; D. radicum and M 
domestica, with particular focus on controlling field populations of D. radicum through 
field trial evaluation. 
Core aims were to determine the mortality effect of the garlic prills; and the effect of the 
adjuvant oil on the efficacy of the combined garlic and adjuvant oil mixture, with the aim 
of establishing the most effective mixture ratio. Once this mixture rate was established the 
aim was to determine LC50 values for each life stage of the two species studied. The 
product was then taken into the field and used at appropriate rates, as determined in the 
laboratory trials, in order to determine the garlic mixture's efficacy in the control of the 
cabbage root fly on swede crops. 
Biochemical investigations were undertaken to establish the possible mode of action of the 
garlic mixture, focusing on acetylcholinesterase, carboxylesterase and glutathione S-
transferase, which have all been noted as being affected by various garlic compounds and 
are either potentially responsible in causing the death of the insect, or conferring a 
protective advantage to the organism. The effect of the garlic mixture on the glutathione 
pool was studied to assess the importance of potential reactions of garlic compounds with 
glutathione, either through detoxification due to conjugation by glutathione S-transferases 
and glutathione peroxidases, or through potential thiol-disulfide transfer mechanisms 
possible between glutathione and polysulfides The size of the lactate pool was also 
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Chapter 2': The Repell'ent 1Ef;fect .o'f 1Gar.Hc :Oil~in Pellet 
i. 
Form on .1Jelia radicum~ 
2.0 Introduction 
This chapter sets out to address whether the garlic prills are repellent to Delia radicum. 
The experiments described demonstrate the development of ideas involved in designing 
effective experimental procedures within the study as a whole, as standard protocols for 
example, for assessing the effects of garlic prills on oviposition, or ovicidal activity, were 
not previously available. The chapter is broken up into sections that address these 
developmental modifications, outlining them in short discussion sections at the end of each 
experiment 
There is considerable evidence in the literature to suggest that plants can influence the 
actions of insects by the production of secondary metabolites (Traynier 1967a; Hassell 
1976; Roland et al. 1995); these metabolites can have various effects on insect behaviour, 
proving both beneficial and detrimental to the plant. Beneficial effects include the 
attraction of predators and parasitoids of herbivorous pests; feeding by the pest triggers the 
release of a 'synomone' (a volatile chemical) which attracts the parasitoids or predators to 
the injured plant and hence the herbivorous pest (Speight et al. 1999). Volatile compounds 
can also attract pest insects to the plant, in the case of the brassicas, the isothiocyanates 
produced attract both D. radicum (Braven et al. 1996) and another brassica pest Pieri.1· 
rapae (L.), the same volatiles however, also serve to deter generalist herbivorous insects 
(Hugentobler & Renwick 1995). These subtle etTects of plant volatiles on the deterrence 
and attraction of insects are essential to the success both of insects as herbivores and to the 
plant in defending itself The fact that so many insect species appear to specialise in 
feeding on only one plant (approximately 80% of British species are monophagous 
(Speight et al. 1999)), is perhaps indicative of the repellent power of the myriad volatiles 
produced by plants. 
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Little research has been undertaken on the role of the sulfur-containing volatiles of garlic 
as deterrents to insects in an ecological context, although there are many studies that have 
addressed the repellent nature of garlic volatiles and extracts as potential pesticides (see 
introduction, table 1.4). The volatiles from garlic do have a repellent effect on many 
species of insect (Landolt et al. 1999; Blackwell & Mands 200 I), and a number of 
products derived from garlic that state repellence as their mode of action are commercially 
available for pest control. The efficacy of one such product, Garlic Barrier Ag"" is claimed 
by the manufacturer to be attributed to repellence of the target species'. The product is 
recommended for use on brassica crops, of which cabbage root fly is the main pest (Garlic 
Barrier Ag"" product packaging). It was considered possible that the garlic impregnated 
pellets supplied by ECOspra/' would be repellent to D. radicum and that garlic volatiles 
released from the prills at sufficiently high concentrations may interfere with the detection 
mechanisms employed by D. radicum in finding a host plant for oviposition. 
The detection of host plants and subsequent oviposition by D. radicum females follows a 
number of sophisticated processes. Long range detection of the swede plant is dependent 
on chemoreception of the isothiocyanates, hydrolysis products of the glucosinolates 
present in cruciferous plants (Coaker & Finch 1971; Braven et al. 1996); this allows initial 
orientation to swede plants. At close range a visual stimulus is required to encourage the 
flies to land (Coaker & Finch 1971 ), this can be a combination of colour, and the plant 
morphology, with oviposition greatest around bright green or yellow leaf models that have 
a stem, vertical folds and a thin wax layer (Roessingh & Stadler 1990) Once on the plant, 
contact chemoreception with the glucosinolates as well as detection of the volatile 
isothiocyanates is required to initiate plant exploration (Braven et al. 1996). Kostal (1992) 
observed that this process was split into sections. Initially the flies explore the surface of 
the leaves and decide, based on this exploration, whether the plant is of acceptable 
condition. The flies then follow the stem to the substrate where they circle the stem 
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probing the soil surface with the ovipositor. If the substrate is suitable, eggs are then laid 
in batches below crumbs of soil and in cracks, within 2-3mm of the soil surface. The flies 
were observed to break this pattern of events at any stage of the process if the substrate or 
plant was unsuitable. 
This choice process is highly sensitive, Braven et a! ( 1996) showed that the key component 
triggering the oviposition stimulus was the presence of an S = 0 group, found in sinigrin, a 
glucosinolate. The large quantities of sulfur present in garlic oils could well be sufficient 
to interfere with the chemoreception and substrate exploration essential to induce 
oviposition by the flies. An assay was designed to test oviposition site preference by 
counting the number of eggs laid by female D. radicum in a given time period under 
controlled conditions. The prills used in these trials have sufficient quantities of garlic oil 
(22% w/w) absorbed onto them to release a strong odour, as well as allowing garlic 
compounds to leach out onto damp substrates. The potential to deter female flies from 
laying eggs on a garlic prill treated site is two fold: interference with detection of swede 
attractants or oviposition stimuli, and true repellence of the garlic itself, either through 
repellence by volatiles, or direct contact with the compounds themselves. 
The chapter details experiments conducted to develop successful bioassays and to 
determine the repellent effects of garlic prills in two enclosed and controlled environments; 
small cages (O.Sm x O.Sm x O.Sm) and a three metre square green house. 
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2.1 Repellency Trial 1 
This section sets out to determine the repellent effects of the garlic prills, by comparing the 
number of eggs that female flies lay on a treated, optimal oviposition site with untreated 
control plots. Three treatments are used; a control with no prills, a procedural control with 
blank prills (pellets without garlic oil) and the garlic prills. Arranged in a Latin square 
design to avoid proximal reinforcement effects, within an enclosure, the trial compares the 
suitability of the oviposition sites to the females when the treatments are applied; this is 
measured by using the number of eggs laid as an indicator of acceptance of the site. By 
using the blank prills the effect of the pellets themselves on the substrate can be assessed, 
in order to show whether the prills or the garlic absorbed onto them is repellent. 
A further set of cages was set up in order to determine preference of cabbage root fly for 
dish position within the enclosure, thus no garlic treatments were used. As the rows are 
parallel to the light source, rows further away from the light source will receive less 
incident light. As gravid flies have been shown to be photophilic (Coaker & Finch 1971), 
it is possible that the flies would lay greater numbers of eggs in those dishes closest to the 
light source. Such an effect of row upon egg numbers may skew the results in favour of 
those oviposition sites closest to the light source. 
2.1.1 Method 
Nine 9cm Petri dishes were arranged in a three by three grid in each of two 50cm by 50cm 
by 50cm 'cages' constructed of a metal framework with five of the sides lined with 
polythene sheeting. Fine mesh netting was attached to the front of the cage with hook and 
eye tape strips to allow easy access for cleaning, with a mesh tunnel allowing access inside 
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the cage whilst the front netting was in place. After the completion of each trial the cage 
was cleaned of any debris and washed out with warm soapy water; cages were not re-used 
until completely dry. Petri dishes were filled with builder's sharp sand and a lcm3 block of 
swede was placed on the centre of each. The swede provides a sufficient chemical cue to 
initiate oviposition behaviour in female flies and the sharp sand acts as a suitable 
oviposition medium (Braven et al. 1996). 
Three replicate dishes of three treatments were used; control (no prills added), a procedural 
control (six blank prills (no garlic absorbed on to them) applied at a rate of one prill per 
10cm2; 14Skg ha- 1) and garlic (six 22% w/w garlic treated prills applied at a rate of one 
prill per 10cm2; 14Skg ha- 1 equivalent to 29kg ha- 1 AI). The second cage received nine 
Petri dishes all containing sand and swede blocks alone. This cage assessed the effect of 
back lighting on dish preference of the flies within the trial arena, by considering the 
numbers of eggs laid within rows. ln order to reduce interference between treatments, 
dishes were arranged in a Latin square design so that each treatment was found in each row 
and column (Fig 2.1 ). Whilst it is understood that the Latin square design will also control 
for row effects as a result of a possible light effect; the second cage controlling for row and 
hence lighting effect was still considered necessary in order to confirm that light does or 
does not effect oviposition. lf the flies are photophilic, and there is evidence to suggest 
that gravid females are (Coaker & Finch 1971), then it is likely that the flies will lay most 
of, if not all off their eggs in the dishes closest to the light source. This would drastically 
skew the data potentially obscuring any true treatment effects (i.e. the response of the flies 
to the prill treatments). Fully understanding the effects of the light therefore, enables the 
experimental arena to be modified in order to provide optimal lighting conditions. 
Once the dishes were set up, ten 7-14 days old female flies were taken from the main 
culture cages (see appendix I for culture details) and released into each of the trial cages. 
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Flies were left in the enclosures for 24 hours in a constant temperature room (20"C (± 5°C); 
60% (±10%) R.H. and 16:8hr L:D). Light was provided by a bank of fluorescent tubes set 
on the walls of the constant temperature room behind the cages. All trials were conducted 
under these conditions. After 24 hours the sand was removed from each dish and agitated 
in a 600ml beaker containing 400ml of tap water, allowing the eggs to float free of the sand 
substrate. The water was then poured through fine mesh gauze and the eggs counted as 
described by Coaker & Finch ( 1971 ). Holmes ( 1986) reported that 94.8% (± 0.16) of eggs 
from a sample of sand exposed to flies from this culture can be recovered in this way. The 
method was repeated three times using this technique, giving three replicates for each cage 
type. 
2. 1.2 Statistical analysis 
Due to the high occurrence of zero values in the data and minimal replication, both 
ANOV A and chi-squared analyses were inappropriate; and the non-parametric Kruskai-
Wallis test for differences between medians was therefore used instead (Dytham 1999). 
For cage one differences between the median numbers of eggs counted for each treatment 
was calculated, whereas differences between median number of eggs collected for each 
row was calculated for cage two. Differences between treatments were assessed by 
inspection of the median values and the ranks obtained for each treatment. Where listed 
the calculated values of p and H are those values obtained from calculations with data 
adjusted for ties. 
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LIGHT SOURCE 
• Cage 1 Cage 2 
Row: 8®8 000 1 
2 ®00 888 
3 BG8 888 
2 3 ~/ 2 3 
Column Cage Column 
Wall 
Fig 2.1: Petri dish layout for repellency trials. Cage 1; Nine Petri dishes containing sharp sand and 
a 1cm3 piece of swede were treated with one of three treatments as indicated above. C indicates 
the control group (No pril/s). G indicates dishes treated with 6 garlic prills. 8 indicates dishes 
treated with 6 blank prills (no garlic). Cage 2; no treatments were added and dishes contained sand 
and swede. Number indicates row in all cases. Not to scale. 
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2.1.3 Results 
No eggs were found in any of the dishes from either of the two cages for the first and third 
replicates (table 2.1 and table 2.3 respectively). Eggs were found in the second replicate 
but only in the first cage where prill treatments were used (table 2.2). Kruskal-Wallis test 
for differences between medians showed no significant difference between the treatments 
(H = 2.94, df= 2, p = 0.230). 
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Treatment Cage 1: Number of Eggs Laid 
Row 1 2 3 Median 
Control 0 0 0 0 
Blank Prill 0 0 0 0 
Garlic Prill 0 0 0 0 
Cage 2: Number of Eggs Laid 
Column 1 2 3 Mean 
Row 1 0 0 0 0 
Row2 0 0 0 0 
Row3 0 0 0 0 
Table 2.1: Replicate 1. Number of eggs laid on Petri dishes filled with sharp sand with 1cm3 
swede block by 20 female D. radicum after 24hr in test arena with three pri/1 treatments (Cage 1) 
and without any treatments to determine spatial preference for oviposition sites (Cage 2). 
Treatment Cage 1: Number of Eggs Laid 
Row 1 2 3 Median 
Control 5 2 0 2.00 
Blank Prill 0 0 0 0 
Garlic Pri ll 6 2 0 2.00 
Cage 2: Number of Eggs Laid 
Column 1 2 3 Median 
Row 1 0 0 0 0 
Row2 0 0 0 0 
Row3 0 0 0 0 
Table 2.2: Replicate 2. Number of eggs laid on Petri dishes filled with sharp sand with 1cm3 
swede block by 20 female D. radicum after 24hr in test arena with three pri/1 treatments (Cage 1) 
and without any treatments to determine spatial preference for oviposition sites (Cage 2). 
Treatment Cage 1: Number of Eggs Laid 
Row 1 2 3 Median 
Control 0 0 0 0 
Blank Prill 0 0 0 0 
Garlic Prill 0 0 0 0 
Cage 2: Number of Eggs Laid 
Column 1 2 3 Median 
Row1 0 0 0 0 
Row2 0 0 0 0 
Row3 0 0 0 0 
Table 2.3: Replicate 3. Number of eggs laid on Petri dishes filled with sharp sand with 1cm3 
swede block by 20 female D. radicum after 24hr in test arena with three pri/1 treatments (Cage 1) 
and without any treatments to determine spatial preference for oviposition sites (Cage 2). 
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2.1. 4 Discussion 
The three trials conducted had low numbers of eggs or none at all. A few eggs were 
collected in the second trial {Table 2.2) but only from the cage that contained prill treated 
dishes. The low numbers of eggs laid in the three trials meant that statistical analysis was 
inappropriate, although no significant difference was found between the median numbers 
of eggs laid between treatments. Surprisingly there were no eggs found in dishes from the 
second cage where no prill treatments were used; there was nothing in this cage to deter the 
flies from laying eggs. The Petri dish design has been shown to induce oviposition in 
female flies (Holmes 1986; Chilcotl 1997) and was used extensively to collect eggs for 
other experiments (See 2.6). 
The initial data presented here suggest that the garlic prills have no repellent effect, 
although this is by no means unequivocal as there were so few eggs laid across all 
treatments. The possibility that the flies introduced were not ready to lay eggs or had 
already laid eggs cannot be ruled out. Holmes {1986) showed that on average a 6-l 0 day 
old female fly from the culture will lay 43.9 eggs(± 3.4, SE) over a 48 hour period, clearly 
the egg counts in these trials do not reflect this value. To increase the number of eggs 
being laid, further trials were undertaken using twenty female flies per cage rather than ten. 
37 
2.1. 5 M et/rod 2 
Experiment as in 2.1.1 with 20 female flies introduced to the cage instead of I 0. Four 
replicate cage pairs were set up as before. 
2.1. 6 Statistical analysis 
In order to maximise statistical power, all four replicates were analysed as part of the same 
statistical test. As each of the four replicates were conducted at different times, a two way 
analysis was necessary to determine the effect of either the treatment, or the row on the 
number of eggs laid, and the effect of when the experiment was conducted on the number 
of eggs laid, i.e. whether the replicate effects the number of eggs laid. A two way analysis 
also allows the for the determination of any interaction between the replicate and treatment 
or row, giving an indication of consistency of effect. It is important to account for the 
effect of the replicate on the treatment or row, because each replicate uses a discrete cohort 
of flies. 
As the data are inappropriate for two- way AN OVA due to the presence of many zeros the 
Scheirer-Ray-Hare test was used. The test is essentially a non-parametric analogue of the 
two-way ANOVA that uses ranked data; significant differences between factors are 
determined by using a Chi-squared test (Dytham 1999). Replicates that had no eggs in any 
dish were excluded from the analysis. 
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2.1. 7 Results 
No eggs were found in replicate one and low numbers of eggs were found in replicate two 
(tables 2.4 and 2.5 respectively) Much greater numbers of eggs were collected from 
dishes in replicates three and four with both cages providing good data in each replicate 
(tables 2.6 and 2. 7 respectively). The Scheirer-Ray-Hare test revealed no significant 
difference between the prill treatment medians (X2 = 0.76, df= 2, p > 0.05, table 2.8), no 
significant difference between the replicate cages (X2 = 0.13, df = l, p > 0.05, table 2.8), 
and no significant interaction between replicate cage and treatment (x2 = 0.1 0, df = 2, p > 
0.05, table 2.8). No significant difference was found between the median numbers of eggs 
found between rows (X2 =0.68, df = 2, p > 0.05, table 2.9), no significant difference was 
found between the replicates (X2 = 1.79, df = 2, p > 0.05, table 2.9), and no significant 
interaction was found between row position and replicate cage (X2 = 3.41, df = 4, p > 0.05, 
table 2.9). 
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Treatment Cage 1: Number of Eggs Laid 
Row 1 2 3 Median 
Control 0 0 0 0 
Blank Prill 0 0 0 0 
Garlic Prill 0 0 0 0 
Cage 2: Number of Eggs Laid 
Column 1 2 3 Median 
Row 1 0 0 0 0 
Row2 0 0 0 0 
Row3 0 0 0 0 
Table 2.4: Replicate 1. Number of eggs la1d on Petn dishes filled w1th sharp sand wif/1 1cm3 
swede block by 20 female D. radicum afler 24hr in test arena with three prilltreatments (Cage 1) 
and without any treatments to determine spatial preference for oviposition sites (Cage 2). 
Treatment Cage 1: Number of Eggs Laid 
Row 1 2 3 Median 
Control 0 0 0 0 
Blank Prill 0 0 0 0 
Garlic Prill 0 0 0 0 
Cage 2: Number of Eggs Laid 
Column 1 2 3 Median 
Row 1 3 3 13 3 
Row2 0 0 2 0 
Row3 1 0 2 1 
Table 2.5: Replicate 2. Number of eggs la1d on Petn d1SI1es filled wllfJ sharp sand wif11 1cm3 
swede block by 20 female D. radicum afler 24hr in test arena with three prilltreahnents (Cage 1) 
and without any treahnents to determine spatial preference for oviposition sites (Cage 2). 
Treatment Cage 1: Number of Eggs Laid 
Row 1 2 3 Median 
Control 24 13 13 13 
Blank Prill 16 7 20 16 
Garlic Prill 28 33 8 28 
Cage 2: Number of Eggs Laid 
Column 1 2 3 Median 
Row 1 0 0 3 0 
Row2 13 23 7 13 
Row3 6 5 6 6 
Table 2.6: Replicate 3. Number of eggs la1d on Petn dishes filled w1th sharp sand with 1cm3 
swede block by 20 female D. radicum afler 24/Jr in test arena with t11ree pri/1 treatments (Cage 1) 
and without any treatments to detennine spatial preference for oviposition sites (Cage 2). 
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Treatment Cage 1: Number of Eggs Laid 
Row 1 2 3 Median 
Control 9 38 16 16 
Blank Prill 13 9 24 13 
Garlic Prill 14 38 62 38 
Cage 2: Number of Eggs Laid 
Column 1 2 3 Median 
Row1 1 4 3 3 
Row2 1 9 15 9 
Row3 14 21 52 21 
Table 2.7: Repltcate 4. Number of eggs latd on Petn dtshes ftlled wtth sharp sand with 1cm3 
swede block by 20 female D. radicum after 24hr in test arena with three prill treatments (Cage 1) 
and without any treatments to determine spatial preference for oviposition sites (Cage 2). 
Source 
Treatment 
Replicate 
Treatment by Replicate 
Error 
Total 
Type Ill Sums df 
Of S uares 
83.44 2 
14.22 1 
10.78 2 
371.33 12 
1974.00 18 
Mean 
S uare 
41.72 
14.22 
5.39 
30.94 
109.67 
Chi-Sq. Sig. 
0.76 p >0.05 
0.13 p>O.OS 
0.10 p >0.05 
Table 2.8: Scheirer-Ray-Hare test results for all replicates of 'Cage 1' assessing effects of prill 
treatments on the number of eggs laid in 9 oviposition sites. 
Source 
Row 
Replicate 
Row by Replicate 
Error 
Total 
Type Ill Sums df 
Of S uares 
167.63 2 
438.30 2 
833.48 4 
462.67 18 
6596.00 27 
Mean 
S uare 
83.82 
219.15 
208.37 
25.70 
244.30 
Chi-Sq. Sig. 
0.68 p >0.05 
1.79 p >0.05 
3.41 p >0.05 
Table 2.9: Scheirer-Ray-Hare test results for all replicates of 'Cage 2' assessing the effect of row 
position on the number of eggs laid in 9 oviposition sites. 
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Fig 2.2: Mean egg counts (± SE) for all replicates, excluding those wl1ere no eggs were laid in any 
of the treatment dishes. 2. 2a mean egg counts for treatments in cage 1. 2. 2b mean egg counts for 
rows in cage 2. 
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2.1. 8 Discussion 
There is no evidence that the prills repel the flies from laying eggs under experimental 
conditions. No significant difference was found between the median numbers of eggs laid 
in each treatment for the replicates where sufficient numbers were laid (tables 2.5, 2.6 and 
2.7). Greatest variation in egg count was expected to be found between rows as flies were 
observed flying toward the light on release into the cages, and spent considerable periods 
of time at the rear of the cages. Had the flies been photophilic then most time would have 
been spent toward the rear of the cage near row one of the dishes, increasing the chances of 
them laying eggs in those three dishes. This was not supported by the data; as no 
significant difference was found between the median egg counts between rows in cage 2 
across replicates; however, more eggs were collected on average from row three, 
suggesting that the flies were photophobic. This may be a behavioural adaptation to head 
toward dark I shady areas when looking for oviposition sites, as this would most likely lead 
the fly to the soil beneath the plant leaves. A dark coloured lining of the cage floor also 
improves oviposition rates, supporting this theory (Kostal 1991). Photophilic behaviour in 
female gravid flies as reported by Coaker (1971) would however, also be expected, as this 
would reflect the flies need to fly upwards, i.e. toward the brighter sky, in order to locate a 
suitable host plant. 
Observation of the flies showed that on release into the cages they flew immediately to the 
rear of the cage where the light source was at its strongest. Repeated observations of the 
cage at hourly intervals found flies consistently aggregated at the rear of the cage. It is 
possible that the light source elicits a flight behaviour that over-rides any oviposition 
stimulus provided by the swede cubes, and this limits oviposition. Light does have an 
effect on the behaviour of the flies and, based on these data, affects where the eggs are laid. 
For further experiments, providing a more uniform lighting arrangement was used to 
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improve the uniformity of egg laying across the arena, and reduce the variation 111 egg 
counts in the treatment dishes as a result of cage position. 
During egg collection by floatation in water, the garlic smell of the garlic prills increased. 
Consequently, wetting of the dishes, using a hand held sprayer, in subsequent experiments 
was employed to maximise the release of odour of the prills and hence increase the 
potential repellence of the garlic prills. 
Whilst these results suggested that the prills had little repellent effect, the fact that few 
eggs were laid and that only two replicates had sufficient data to be analysed (cage I 
replicates three and four) indicate that the results of these trials should be accepted with 
caution. Why so few eggs were laid was unclear; the swede should have provided 
sufficient oviposition stimulus as this method was employed in order to collect eggs for 
other experiments (see bioassay section in this chapter, 2.7.1). Furthermore, the cage from 
which the flies were taken provided numerous pupae at the end of the monthly cycle 
during culturing (see appendix I for culturing method). 
To increase the confidence in this section's results two more replicate pairs of cages were 
set up. This time the second cage assessing the spatial preference of the flies was not used, 
and a replicate of the prill treatment cage used in its place, to increase the replication of the 
treatment dishes. The experiment was further modified to overcome the possible problems 
indicated above by adding an over-head light source and lining the cage with cream 
coloured card to reduce the effects of directional light sources. This arrangement should 
give a more uniform lighting effect and hence minimise the relationship between egg 
numbers and row position. 
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2.1.9 Metllot/3 
Two replicate pairs of cages were set up using the treatments from cage I, described in 
section 2.1.1, and exposed for 24hrs. To minimise point light sources two 40-Watt 
fluorescent tubes, controlled by an analogue timer switch set to the same time regime as 
the main constant temperature room (16:8hr, L:D}, with a standard plastic light diffuser 
attached, was positioned above the cages. The side and back walls of the cages (excluding 
the front mesh and roof) were then covered with sheets of cream coloured lmm thick card 
to reduce light intensity from other areas of the constant temperature room. This set up 
provided a more diffuse lighting effect in order to minimise 'point source' light that may 
attract the flies to it. In order to maximise the potential effect of the garlic prills in the trial 
cages the dishes (all treatments) were sprayed with distilled water using a pneumatic hand 
held water sprayer. Three pumps of water were applied to each dish (approximately 3ml). 
2. 1. 10 Statistical analysis 
In order to maximise statistical power, both replicates were analysed as part of the same 
statistical test. As each of the replicates were conducted at different times, a two way 
analysis was necessary to determine the effect of the prill treatments on egg number, and 
the effect of the replicate on the number of eggs laid. A two-way analysis also allows for 
the determination of any interaction between the replicate and treatment, giving an 
indication of consistency of effect. It is important to account for the effect of the replicate 
on the treatment, because each replicate uses a discrete cohort of flies. 
The data were inappropriate for two- way ANOV A due to the presence of many zeros 
therefore the Scheirer-Ray-Hare test was used again. Replicates that had no eggs in any 
dish were excluded from the analysis. 
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2.1.11 Results 
Numbers of eggs laid for replicates one and two were higher than in the previous section 
(table 2.1 0). The Scheirer-Ray-Hare test revealed no significant difference between the 
prill treatment medians (x2 = 0.14, df = 2, p > 0.05, table 2.11 ), no significant difference 
between the replicate cages (X2 = 2.21, df = 1, p > 0.05, table 2.11), and no significant 
interaction between replicate and treatment (X2 = 0.14, df= 2, p > 0.05, table 2.11 ). Figure 
2.3 shows no significant difference between the treatment means (non-overlapping error 
bars). Most eggs were found in the blank prill treated dishes overall. 
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Replicate 1 
Treatment Cage 1: Number of eggs laid Cage 2: Number of eggs laid 
Replicate 1 2 3 4 5 6 Median 
Control 37 45 54 24 35 17 36.00 
Blank Prill 67 28 44 29 24 32 30.50 
Garlic Prill 4 41 38 36 35 38 37.00 
Replicate 2 
Cage 1: Number of eggs laid Cage 2: Number of eggs laid 
Replicate 1 2 3 4 5 6 Median 
Control 0 0 1 4 25 9 2.50 
Blank Prill 0 11 25 67 19 27 22.00 
Garlic Prill 0 6 0 27 34 46 16.50 
Table 2.10: Replicates 1 and 2. Number of eggs laid on Petr1 dishes filled with sharp sand w1th 
1cm3 swede block by 20 female D. radicum after 24hr in test arena with three prill treatments in two 
replicate cages (Cage 1and 2). 
Source 
Treatment 
Replicate 
Treatment by Replicate 
Error 
Total 
Type Ill Sums 
Of S uares 
57.09 
887.08 
55.23 
2438.92 
13670.50 
df 
2 
1 
2 
28 
34 
Mean Chi-Sq. Sig. 
Square 
28.55 0.14 p >0.05 
887.08 2.21 p >0.05 
27.62 0.14 p >0.05 
87.10 
407.07 
Table 2.11: Scheirer-Ray-Hare test results for all replicates of 'Cage 2' assessing the effect of row 
position on the number of eggs laid in 9 oviposition sites. 
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Fig 2.3: Mean number of eggs collected(± SE) across all four replicate cages after exposure of 
treated dishes to 20 female D. radicum for 24hrs. 
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2.1.12 Discussion 
The data for replicates one and two provide good evidence that there is no repellent effect 
of the garlic prills towards the female flies, assessed using oviposition site selection. It is 
also apparent that the blank prills themselves have no repellent or attractant effect on the 
flies. The limitations of this experiment are not to be ignored however as the test arena 
represents a confined artificial situation. It is possible that the garlic odour and Latin 
square arrangement of treatments gave an even distribution of garlic odour in the arena 
possibly causing the flies to ignore the potential chemical stimulus and lay their eggs 
regardless. To reduce the possibility of this effect the arrangement of treatments was 
altered for the following set of experiments. 
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2.2 Repellency Trials 2: Gradient effects 
In order to maximise the chance of the garlic prills having a repellent effect and to create a 
gradient of volatile strength across the cage, the garlic and blank prill treatments were 
arranged in two columns of three replicate dishes at opposite sides of the cage, with three 
control dishes in the central column. This localises the garlic vapours to one side of the 
cage, rather than giving an even coverage of volatile concentration throughout the cage, a 
concern of the previous trial. 
The same effect of the swede volatiles was also considered possible, i.e. that the cage was 
saturated with swede volatiles, prompting the cabbage root fly to lay their eggs wherever 
there was suitable oviposition medium, rather than where there was a swede cube. To test 
that a swede cube was necessary to initiate oviposition, no swede cube was placed on the 
control dishes. The presence of eggs in these dishes would indicate that there was 
sufficient chemical cue from the other swede cubes to initiate oviposition, and that the 
close proximity of the swede block itself was unimportant in initiating the oviposition 
process. 
2.2.1 Metltod 
Two replicate pairs of cages (replicates one and two) identical to those in method three 
(Section 2.1.8) were set up. Treatments were arranged as indicated in figure 2.4. This 
arrangement aimed to avoid the possibility of a continuous garlic odour through the cage 
arena; by keeping treatments to opposite sides of the cage an odour gradient was created 
across the arena. The control treatment for this experiment had no swede cube applied to 
assess the numbers of eggs laid purely by chance in any available oviposition medium. 
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The omission of the swede block forces the flies to make a choice between sites with a 
garlic odour and no odour. There is also the possibility that the stimulus from the swede 
over-rides any repellent effect of the garlic odour; providing test plots without swede 
allows the appraisal of any 'overlapping' oviposition stimulus with swede blocks in 
neighbouring Petri dishes. Each replicate received flies from the same cohort in the 
culture, and are therefore statistically comparable. The two replicate pairs are not 
comparable however as they were temporally separated and therefore received flies from 
different cohorts. 
2. 2. 2 Statistical analysis 
The analysis was conducted as in 2.1.1 0, using the Scheirer-Ray-Hare test allowing a two-
way analysis of the data, allowing the determination of differences between the treatments, 
the replicates and the assessment of any interaction between the factors. Replicates that 
had no eggs in any dish were excluded from the analysis. 
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Cage 1 
® 
Cage 
Wall 
Cage 2 
Fig 2.4: Nine Petri dishes were treated with one of three treatments as indicated above. All disiJes 
contained sharp sand. C; control group (No prills, no swede). G; dishes treated with 6 garlic prills. 
B; dishes treated with 6 blank prills (no garlic). Number indicates treatment replicate. Not to Scale. 
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2.2.3 Results 
The data varied across cages and replicates indicating that separate samples of female flies 
vary in the number of eggs that they are capable of laying; eggs were laid in at least one 
dish in each cage (table 2.12). The Scheirer-Ray-Hare test revealed no significant 
difference between the prill treatment medians (x2 = 0.00017, df= 2, p > 0.05, table 2.13), 
no significant difference between the replicates (l = 0.30, df = I, p > 0.05, table 2.13), 
and no significant interaction between replicate and treatment (X2 = 0.22, df = 2, p > 0.05, 
table 2.13). Figure 2.5 shows that there is no significant difference between the mean 
numbers of eggs laid in the two prill treatment dishes (indicated by overlapping error bars), 
but both treatments medians were significantly greater than that of the control (indicated 
by non-overlapping error bars). 
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Replicate 1 
Treatment Cage 1: Number of eggs laid Cage 2: Number of eggs laid 
Replicate 1 2 3 4 5 6 Median 
Control 0 0 0 0 0 0 0 
Blank Prill 17 38 39 3 0 0 10.00 
Garlic Prill 1 34 4 5 0 0 2.50 
Replicate 2 
Cage 1: Number of eggs laid Cage 2: Number of eggs laid 
Replicate 1 2 3 4 5 6 Median 
Control 0 0 0 0 0 0 0 
Blank Prill 31 3 8 3 8 40 6.50 
Garlic Prill 1 22 28 15 18 10 16.50 
Table 2. 12: Replicates 1 and 2. Number of eggs laid on Petri dislles treated witll one of tllree 
treatments in two replicate cages (Cage 1 and 2) for two replicate trials. Dishes were exposed to 20 
female flies for 2411rs. 
Source Type Ill Sums df Mean Chi-Sq. Sig. 
Of Squares Square 
Treatment 1746.50 2 873.25 0.0001 7 p >0.05 
Repl icate 132.25 1 132.25 0.30 p >0.05 
Treatment by Replicate 96.50 2 48.25 0.22 p >0.05 
Error 1559.75 30 51.99 
Total 15635.00 36 434.31 
Table 2.13: Scheirer-Ray-Hare test results for all replicates of 'Cage 2' assessing the effect of row 
position on the number of eggs laid in 9 oviposition sites. 
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Fig 2.5: Mean number of eggs collected(± SE) from all three replicate experiments. 
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2. 2. 4 Discussion 
The flies in these exposures clearly chose dishes with swede as oviposition sites indicated 
by the absence of eggs in the control dishes. The swede block therefore, seems to be 
essential for flies to lay eggs. The data presented in figure 2.5, indicate that there was a 
treatment effect of the garlic prills (fewer eggs were found in garlic treated dishes than the 
blanks). Although the effect is not significant at this level of replication, it does however 
suggest that there is a repellent effect of the garlic prills toward cabbage root fly 
oviposition, albeit a small one; this does not mean that the effect would not be sufficient to 
reduce oviposition rates in the field. 
Concerns in previous experiments (section 2.1.11} that the swede volatiles were sufficient 
to initiate egg laying wherever the flies are in the cage are therefore unfounded, as 
insuflicient stimulus was available for the flies to lay eggs on the dishes without swede, 
despite stimulus from swede a few centimetres away. Therefore the results of the previous 
section; i.e. that the flies have no preference to which treatment they lay there eggs on, is 
likely to be due to lack of repellence by the prills rather than over-stimulation by a 
saturation of swede volatiles. 
The flies show no obvious repellence by the blank or garlic prills, and inspection of both 
the medians and means of this experiment show similar numbers of eggs being laid in each 
of the prill treatments. The cages used thus far were very small and represent a very 
artificial environment for the flies. It is possible that the flies cannot detect the garlic 
odour, or that the flies chemical receptors are swamped with garlic volatiles and they 
cannot pinpoint the source of the garlic volatiles and choose sites that have swede where 
they lay their eggs regardless of the garlic treatment. To repeat the experiment without 
saturating the cage environment with garlic odour the trial was repeated within a larger 
arena, a greenhouse. 
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2.3 Greenhouse Trials 
In order to avoid potential small scale proximity effects of the treatments apparent in the 
previous small cage experiments the trial was repeated in a three-metre square greenhouse. 
The greenhouse was both heated and vented to maintain a temperature of approximately 
25°C. The same aims were considered as before, i.e. assessing the repellent effect of the 
garlic prills. 
2.3.1 Method 
Ten I Scm diameter plant pot saucers were arranged on two 2m by I m tables (Five per 
table) on opposite sides of the green house as in figure 2.6. Each saucer was filled with 
damp builder's sharp sand to a depth of I cm, numbered and randomly assigned to one of 
two treatments: control prills (blank no garlic) and garlic prills (22% w/v garlic oil). 
Larger \Omm calibre prills were used in this experiment and five per treated saucer were 
applied (approximately 700kg ha- 1 of prills; equivalent to \54kg ha- 1 active ingredient 
(AI)). Each saucer also had a piece of freshly cut swede approximately Scm square by 
I cm thick placed in its centre to act as an oviposition stimulant for female flies. 
An entire cohort of flies (approximately 1000 individuals), both males and females, was 
released at large into the greenhouse and left for 48 hours. Potential escape routes for the 
flies were covered with fine netting and eggs were collected from the saucers and counted 
as described in section 2. 1.1. Three replicates of the experiment were conducted over a 
three-week period. 
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2;3. 2 '5'tati~·tical ;analysis 
The analysis was conducted I as ·in 2.1.il0, using ~ihe- Scheirer~RaycHare ·test allowing a· two,-
. -. . 
the replicates and. the assessmenf !Of any :interaction: :between the. factors. Replicates: !that 
·had no. .eggsfin:11ny dish were excluded .from the:analysis: 
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Fig 2.6: Saucer layout for Green IJOuse repellency trials. Saucers contained sharp sand and a 5 by 
5 by 1cm piece of swede. One of treatments was applied: C; control (5, 1cm diameter blank prills 
applied, no garlic) or G; garlic (5, tern-diameter garlic prilfs). Number indicates treatment replicate. 
Not to Scale. 
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2.3.3 Results 
Results for the trial are shown in Table 2. I 0. The Scheirer-Ray-Hare test indicated no 
significant difference between the median number of eggs collected for each treatment cl 
= 0.00, df = I, p > 0.05, table 2.15), no significant difference was found between the 
median number of eggs found in each replicate (x_2 = 1.62, df= I, p > 0.05, table 2.15) and 
there was no significant interaction between treatment and replicate (x_2 = 0. 79, df = I, p > 
0.05, table 2.13). Figure 2.7 supports this result as there is no significant difference 
between the treatment means (indicated by overlapping standard error bars). 
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Replicate 1 
Treatment replicate 1 2 3 4 5 Median 
Control 147 40 79 28 16 40 
Garlic 19 21 98 90 15 21 
Replicate 2 
Treatment replicate 1 2 3 4 5 Median 
Control 0 0 0 0 0 0 
Garlic 0 0 0 0 0 0 
Replicate 3 
Treatment replicate 1 2 3 4 5 Median 
Control 69 0 0 0 9 0 
Garlic 0 31 30 4 0 4 
Table 2.14: Greenhouse replicates. Number of eggs la1d on plant pot saucers filled to a depth of 
1cm with sl1arp sand with a 5 by 5 by 1 cm swede block exposed to a cohort of D. radicum after 
48hr in test arena with two treatments. Control group; 5, 1cm diameter blank prills applied (no 
garlic). Garlic group treated with 5, 1cm diameter garlic prills 
Source 
Treatment 
Replicate 
Treatment by Replicate 
Error 
Total 
Type Ill Sums df 
Of S uares 
0.00 1 
231.20 1 
9.8 1 
414.00 16 
2860.0 20 
Mean 
S uare 
0.00 
231.2 
9.8 
25.88 
143.0 
Chi-Sq. 
0.00 
1.62 
0.069 
Si g. 
p >0.05 
p >0.05 
p >0.05 
Table 2.15: Scheirer-Ray-Hare test results for all replicates of 'Cage 2' assessing the effect of row 
position on the number of eggs laid in 9 oviposition sites. 
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Fig 2. 7: Mean number of eggs collected (± SE, n = 3) from plant pot saucers filled to a depth of 
1cm with sharp sand with a 5 by 5 by 1 cm swede block exposed to a cohort of D. radicum after 
48hr in test arena with two treatments. Control group; 5, 1cm diameter blank prills applied (no 
garlic). Garlic group treated with 5, 1cm diameter garlic prills 
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2. 3. 4 Discussion 
No significant difference was found between the numbers of eggs found on each treatment, 
although there were fewer eggs laid in the garlic treatments, suggesting a repellent effect. 
As in the cage experiments of section 2.2, it may be that at higher levels of replication that 
this result would be significant. In statistical terms, there is no repellent effect exhibited by 
the garlic prills in these trials and the data support those of the previous small-scale 
experiments. More replicates of the trial would have been preferable as there is variation 
between the three replicates reported here, and a suggestion that there was a repellent 
effect of the garlic prills. However, removing so many flies from the culture on a regular 
basis was unsustainable, without decimating the culture. As the results corroborate those 
of the lab trials it was concluded that there was no preference over oviposition site, 
regardless of treatment. 
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2.4 Discussion: Repellency of Garlic Prills 
Previous studies have shown the oil of Allium sativum to be repellent to various insect 
species (Hori 1996; Landolt et al. 1999; Stjernberg 2000). The statistical data presented in 
this chapter suggest that this is not the case for the garlic prills in the Latin square design 
experiments. It is only when the garlic treated dishes are aggregated, increasing the level 
of volatiles in one area of the cage that a trend for fewer eggs being laid in the garlic 
treatments is noted. When the Latin square design layout is used in the larger greenhouse, 
fewer eggs were found in the garlic treatments, although the difference was non-
significant This chapter does suggest that there may be a repellent effect although 
statistically, there is no significant difference between the treatments. At both levels, 
small, restricted choice arenas under strictly controlled environmental conditions, and large 
arenas (greenhouse) under more variable environmental conditions, little evidence of 
repellence was found. Even when the oviposition sites were aggregated by treatment in 
order to maximise repellent effects, no significant difference could be found between the 
median numbers of eggs laid between treatments. Furthermore, within the cage arena adult 
flies were observed walking on garlic prills and ovipositing next to them regularly, 
strengthening the argument against repellence. 
Residues of allicin that may be present in the garlic oil may act to stimulate oviposition as 
allicin contains a sulfoxide group (S = 0), which Braven et a/ (1996) demonstrated can 
stimulate oviposition. Their study investigating the oviposition response to various 
glucosinolates revealed that side chains found in the glucosinolates were unimportant as 
triggers for oviposition as long as the S = 0 group was present. They also revealed that 
chemically dissimilar compounds were effective stimulants provided the S = 0 group was 
present, even when the product was not a glucosinolate. Potentially this means that allicin, 
rather than being a repellent, could act as an oviposition stimulant; in one of the trials in 
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this chapter (see figure 2.2), there is evidence that more eggs were laid on Petri dishes 
treated with garlic prills than the controls or blank prill treated dishes. Whether this is a 
true effect or coincidence is not clear from the data although it is unlikely, as allicin 
residues are likely to be present in very small quantities due to the production methods 
employed to extract the garlic oil, which favours the creation of polysulfides rather than 
allicin. 
These trials give an insight into the potential alteration of adult behaviour by the garlic 
prills but do not imitate the natural scenario, i.e. the interaction of a female fly with the 
brassica plant. Other adult behaviour was not considered in this study, as the central core 
of the project was to establish insecticidal effect and to elucidate a potential mode of 
action. The stimulus from the swede cube would be significantly greater than that of the 
whole plant, as the isothiocyanates essential for orientation to the plant are only formed 
once the plant material is damaged (Coaker & Finch 1971 ). It may be that when presented 
with a whole plant with prills at the base, the garlic scent would be sufficient to deter 
female flies from landing, either through repellence or by masking the host plant odour, as 
isothiocyanates in whole plants are present in low doses (Hawkes et al. 1978). Such small 
biological effects may well have significant consequences in reducing cabbage root fly 
damage; weak biological interactions are noted as having serious implications in other 
ecological contexts (Berlow 1999). Interrupting the sequence of plant and eventual 
substrate exploration by adult females may well provide an effective mode of action by 
reducing the numbers of eggs laid. Whether this is the case remains to be seen and 
considerable behavioural work would be necessary to prove this unequivocally. 
The data here do suggest, that D. radicum !lies are not repellent to the garlic prills to the 
extent claimed by some commercial preparations, and with the potential field application 
in mind, toxicity, rather than repellence, is therefore vital as the garlic oil product is 
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intended for general topical application across swede monocultures. Thus, adult repellence 
is unimportant if cabbage root fly eggs have already been laid when the prills are applied. 
As such, the product's ability to repel adult flies becomes largely irrelevant, as 
prophylactic application of the product would be logistically and economically untenable 
for the farmer if they are to repel adult flies from the field across the whole of the growing 
season. A more beneficial mode of action would be to interrupt development of D. 
radicum larvae in the egg or preventing hatching from the egg, that way the prills can be 
used as both a preventative measure applied before oviposition episodes or, in response to 
oviposition episodes. 
The data in this chapter provide good evidence against repellence being a mode of action 
in preventing oviposition by female adult flies. As noted above, toxicity of the garlic prills 
will be essential if the product is to be used successfully in the field as a cabbage root fly 
control product. The next chapter considers the effects of the garlic prills on egg viability. 
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Chapter 3:' 'The 0Micid'al Etfecto_fGarrHc 0~1 in l~eHet 
Form1 on JJelia radicum. 
- - -
3.0 Introduction 
The egg and adult life stages of D. radicum are the most vulnerable to insecticide 
application, as they are easily detected within the crop. The larvae are relatively 'safe' 
from non-systemic insecticidal applications as they develop within the tissues of the root 
system underground, thus reducing the incidence of contact with insecticides. The adults 
however, are difficult to target as they can easily avoid pesticide spray machinery, due to 
their mobility, whilst the larvae are protected from spray application by their location in 
the swede root. Targeting the eggs of D. radicum allows effective prevention of larval 
recruitment, by reducing egg hatch rate. In addition the eggs are easily sprayed as they are 
immobile and consistently close to both the soil surface and the plant stem (Coaker & 
Finch 1971 ). This means that insecticide application methods can be configured to target 
accurately the position of the eggs at the base of the plant. 
Monitoring egg numbers in the field also enables the farmer to make effective decisions 
about when an insecticidal application is made; P. Cotes (the farm manager with whom the 
field trials were conducted) applies pesticide when the average egg count in a given crop 
reaches one egg per plant. Values lower than this are tolerated because at these levels the 
cost of spraying out weighs the financial gain in terms of crop quality I yield. The 
alternative would be to monitor adults, but forecasting and monitoring adult populations 
has shown however that adult abundance and egg numbers in the crop do not always 
correlate (Finch 1993b; Finch & Collier 2000). Consequently relying on adult numbers 
may result in an application of insecticide when it was not necessary. The use of D. 
radicum eggs for decision-based insecticide application and as a target for that insecticide 
meanwhile is common practice (Finch & Collier 2000), and represents the most effective 
and economical method of D. radicum control. 
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It is therefore likely that the garlic pesticide in either form, prills or liquid is likely to be 
used directly on the eggs of D. radicum. With this in mind, the work described in this 
chapter sets out to determine the following: 
- Do garlic prills have an ovicidal effect on De/ia radicum eggs? 
- Can garlic prills prevent damage to swede crops by Delia radicum? 
Other authors have noted that garlic oils have insecticidal activity 111 vanous spec1es; 
however, few of these studies consider activity against insect eggs. Jarial (200 I) reported 
an ovicidal effect on the eggs of Aedes aegypti (L.) when placed in solutions of garlic 
extract. There is also evidence of vapour and contact effects on egg viability; exposure of 
Lepidopteran and Hemipteran eggs to garlic volatiles (from an aqueous garlic extract) 
significantly reduced egg hatch in a dose dependent fashion (Ekesi 2000). Huang et al 
(2000) showed that diallyl trisulfide (a component of the garlic oil absorbed onto the prills) 
totally suppressed egg hatch of the beetle species Tribolium castaneum (Motschulsky) and 
Sitophilus zeamais (Herbst.). The active ingredient absorbed onto the garlic prills is a 
garlic oil produced by steam distillation, which contains diallyl di and tri sulfides, and is 
similar to the oils used by the authors noted above but produced on a commercial basis. 
This broad range of activity against different insect orders suggests that garlic extracts, 
including that absorbed onto the prills, will have an ovicidal effect on the eggs of D. 
radicum and M domestica. In this study, the ovicidal activity of the garlic prills was 
investigated, with two experiments devised to assess possible contact and volatile effects. 
A third experiment was also designed to study the effect of the prills on the success of 
newly hatched larvae reaching a host swede block after hatching. 
To assess the efficacy of the garlic prills as a cabbage root fly control product in the 
agricultural environment, a small-scale field trial using a crop of swede was conducted. In 
order to further measure the efficacy, the garlic prills were compared to a positive control; 
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the 'current best practice' (see section 1.4, chapter 1) used by the farmer to control cabbage 
root fly. For the garlic prills to be accepted by the farming community as an alternative to 
Birlane®, the level of control of D. radicum damage must be at least comparable to that of 
Birlane®. 
As the prills had not yet been tested on swede crops, it was considered important to 
determine any possible effect on plant health. Claims on the promotional material for 
Garlic Barrier Ag® state that farmers have noted improved vigour in crops when sprayed 
with Garlic Barrier Ag® (Anon 2003), a possible effect of the introduction of large 
quantities of. organic sulphur into the soil; various authors have demonstrated improved 
plant growth as a result of increasing sulphur applications to the soil in which they are 
grown (Krishnamurthi & Mathan 1996; Elsheikh & Elzidany 1997; Abbey et al. 2002). 
The garlic oil and adjuvant mixture may well have a negative effect on plant growth, 
particularly in young plants as Woolfenden (2000) showed that the germination of peas 
was inhibited when exposed to solutions of the garlic oil. 
This chapter is broken into three sections; the first considers ovicidal effects under 
laboratory conditions usmg artificial substrates, and the second uses a more natural 
substrate, builder's sharp sand. These trials set out to investigate any ovicidal effect and to 
quantify the performance of varying rates of application under controlled environmental 
conditions. The third section outlines the results from the small-scale field trial studying 
different rates of application in a commercial swede crop monoculture. 
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3.1 Ovicidal Activity 1; Artificial Substrate 
Previous authors have noted that topical application of garlic extracts to insect eggs, and 
exposure of eggs to vapours of garlic extracts have significantly reduced hatch rates in 
various species (see introduction, section 3.0). As no preliminary data existed on the 
performance of the prills in reducing insect egg hatch, either as a result of contact with the 
eggs, (or through the substrate on which they are placed) or from exposure to the vapours 
from the prills, three experiments were devised to investigate contact effect, vapour effect 
and larval recruitment into the host plant. The third experiment was included to assess any 
effects of the garlic prills on mortality or repellence of early in star larvae. The trials were 
conducted under artificial conditions to maximise egg viability by providing optimal 
environmental conditions. 
3.1.1 Method 
Bioassays were conducted on freshly laid eggs (Approximately 24hrs old) which were 
collected following the protocol described in appendix 2. 
3. 1. 2 Contact effect 
Thirty 9cm Petri dishes were lined with 8.5cm What man# I filter papers, and thirty freshly 
lain cabbage root fly eggs laid out in the centre of each dish. Two treatments were used to 
assess the effects of garlic upon the hatch rate of cabbage root fly eggs: control, (no prill 
application) and garlic prills to which four 2mm diameter garlic prills were added to each 
dish (equivalent to 90.86kg ha· 1 or 19.99kg ha- 1 Al). Fifteen replicate Petri dishes were 
used for each treatment. Once set up the Petri dish lids were closed and taped on by 
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running tape around the circumference of the lid. Dishes were then placed in a constant 
temperature room at 20°C (± 5), 60% (± 5%) RH and I6:8hr L:D for one week; after one 
week the number ofunhatched eggs was recorded. 
3.1.3 Vapour effect 
Petri dishes were set up as in the contact experiment, except each prill was raised off of the 
damp filter paper using 2mm long sections of plastic aquarium tubing of 1.5mm internal 
diameter as a stand. This ensured that no contact was made between the prill and the 
paper, preventing leaching of garlic compounds into the filter paper. Four replicates of two 
treatments each containing 30 eggs were set up: control (no prills), and garlic (four garlic 
prills). Dishes were incubated at 2ooc (±5), 60% (± 5%) RH and 16:8hr L:D for one week 
after which the number ofunhatched eggs was recorded. 
3. 1.4 Lan,al recruitment 
The third experiment was identical to the first but with a lcm3 swede block added to the 
centre of the dish. After seven days (sufficient time to allow all eggs maximum possibility 
of hatching) the swede block was dissected and the number of larvae found counted to 
quantify recruitment success. Sufficient eggs were collected to allow eleven replicates in 
each treatment, each with thirty eggs. 
3. 1.5 Statistical Analysis 
M011ality of the eggs was determined by calculating the percentage of unhatched eggs. 
The data from the trials were binomial (i.e. the eggs could either hatch or not hatch), and 
were therefore arcsine-square root transformed (Arcsine (-../ Score value I lOO)) before 
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being subjected to ANOV A (Sokal & Rohlf 1981 ). Levene's test was used to determine 
homogeneity of the treatment variances. Kolmogorov-Smirnov tests were additionally 
used to determine normality of the residuals calculated in the ANOV A. Where these 
reliability tests showed significant results ANOV A was rejected in favour of the non-
parametric Kruskal-Wallis test for differences between medians (Dytham 1999). 
3.1. 6 Results 
3. 1. 7 Contact effect 
Exposure of the eggs to four garlic prills gave a mean percentage mortality of 85.4% 
(±6.07) compared to a control mortality of 58.3% (±6.16) (Figure 3.1). ANOVA (table 
3.1) showed a highly significant difference (p < 0.00 I) between the two treatments 
indicating a significant reduction in hatch rate in the garlic prill treatment. 
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D radicum Sums of df Mean Square F 
Source S uares 
Between Treatments 1.39 1 1.39 15.57 
Within Treatments 2.68 30 0.09 
Total 4.07 31 
Table 3.1: ANOVA results for vapour effect experiment 
ro 
t 
0 
~ 
Control (no prills) Garlic Prills 
Treatment 
Sig. 
p < 0.001 
Fig 3.1: Mean Percentage mortality (± SE) for fifteen replicates of 30 D. radicum eggs exposed to 
four garlic prills (Garlic treatment) or no prills (Control treatments) after 7 days .. 
73 
' ~. 
3:I8:Vapour·effect 
No significant difference:(table 3;_2)· was found between! egg mortality :ofithose treatments 
exposed ito (Jfi lis that· Were held ofT the .darnP filte~il?"lil'ler ~Figure 3)):, 
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D radicum Sums of df Mean Square F Si g. 
Source S uares 
Between Treatments 0.02 1 0.02 0.21 p > 0.05 
Within Treatments 0.52 6 0.09 
Total 0.54 7 
Table 3.2: ANOVA results for vapour effect experiment 
Control (no prills) Garlic Prills 
Treatment 
Fig 3.2: Mean Percentage mortality (± SE) for four replicates of 30 D. radicum eggs exposed to 
four garlic prills (Garlic treatment}, or no prills (Control treatments) set in plastic tubing to prevent 
contact with filter paper after 7. 
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3.1. 9 Larval recruitment 
The third trial revealed a highly significant difference between the two treatments (p < 
0.001, ANOVA, table 3.3). The greatest proportion of larvae (47.3%) was found in the 
swede block of the control treatment, (figure 3.3). Comparing these results with those 
displayed in figure 3.1 indicates that no significant additional mortality occurred between 
hatching and recruitment into the swede block, whereas approximately half those larvae 
hatching in the garlic treatment failed to reach the swede block. 
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D radicum Sums of df Mean Square F 
Source S uares 
Between Treatments 1.67 1 1.67 40.59 
Within Treatments 0.90 22 0.04 
Total 2 .57 23 
Table 3.3: ANOVA results for larval recruitment experiment. 
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Control (no prills) Garlic Prills 
Treatment 
Sig . 
p < 0.001 
Fig 3.3: Mean Proportion of larvae(% ±SE) found in 1cm3 swede block as a percentage of eggs in 
dish for eleven replicates of 30 D. radicum eggs exposed to four garlic prills (Garlic treatment) or no 
prills (Control treatments) after 7 days. 
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3.1.1 0 Discussion 
The garlic prills did appear to have an ovicidal effect; as no significant difference was 
found between the treatments in the vapour study, it is likely that the garlic compounds 
leach out of the prills into the surrounding moist 'substrate', and exert their action by 
contact. This was unexpected as garlic vapours have been shown to have ovicidal effects 
on various species; Ekesi (2000) showed that vapours of aqueous garlic extracts had 
ovicidal activity on both Lepidopteran (Maruca vitrata, Fab.) and Heteropteran 
(Ciavigralla tomentosicollis, Stal.) eggs. Gurusubramanian and Krishna (1996) also 
demonstrated ovicidal activity of vapours from garlic bulbs on eggs of various 
Lepidopteran species and a Hemipteran. No indication of the constituent compounds of 
the vapours is given, but based on the extraction methods employed (crushed bulbs and 
aqueous extract), it is likely that the compounds released include allicin (Block 1985). 
This may account for the poor ovicidal effect of vapours released from the prills, as the oil 
soaked into them contains no allicin, or very small quantities of it. Vapours of the main 
constituents of the oil, diallyl disulfide and diallyl lrisulfide have been shown to have a 
toxic effect on the housefly (Bhatnagar-Thomas & Pal l974a), although in this study eggs 
were not exposed, and significant mortality effects were noted only when adults and larvae 
were exposed to the vapours. This suggests that whilst garlic vapours can reduce egg 
viability, not all garlic vapour constituents can penetrate the egg integument. 
Allicin has been shown to readily pass through phospholipid membranes (Miron et al. 
2000) but diallyl polysulfides may not have this activity, accounting for the lack of effect 
of vapour on the D. radicum eggs. The larvae and adults of the housefly may be more 
susceptible to diallyl disulfide and diallyl trisulfide as the vapours can diffuse through the 
animal via the spiracles, as the egg is sealed with a semi-permeable membrane, the 
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vitelline envelope (Chapman 1998), waterproofing the egg, this may prevent the ingress of 
the polysulfides. 
Larval recruitment into the host plant may also be impaired, as the garlic prill treatment 
showed lower numbers of larvae in the swede block than expected. Whether this 
interference is attributable to garlic vapours preventing larvae detecting the swede, 
prevention of egg hatch or a larvicidal effect, is not clear from this trial as only those larvae 
found in the swede were counted. Both mechanisms would prove useful in the control of 
D. radicum in the field, as both preventing eggs from hatching and interfering with 
recruitment of larvae into the swede both ultimately reduce damage to the plant. Mortality 
through contact is preferable as it ensures that the larvae will not reach the swede, whereas 
a repellent effect is unlikely to be effective under all climatic conditions. 
To test the ovicidal potential of prills on a more natural substrate 111 a more realistic 
situation the next experiment was devised. 
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3.2. Ovicidal Activity 2; 'Natural' Substrate 
Having established ovicidal activity under artificial conditions, a more realistic 
experimental scenario was devised. Seed trays filled with sharp sand containing three 
small swede were used to simulate field conditions. These trays were exposed to cohorts 
of flies prior to treatment with various application rates of the garlic prills, thus 
approximating the field scenario (i.e. the prills are applied once eggs are detected in the 
crop rather than prior to oviposition). By counting the number of larvae that reached the 
swede a more realistic assessment of how the prills may work in the field could be 
determined without having to undertake a large, time consuming field trial. Placing the 
prills on a more porous surface such as sand may have a significant effect on the etlicacy 
of the prills as the leachate may drain away from the surface of the substrate rather than 
saturating it as it did the filter paper. Consequently, only those eggs in very close 
proximity to the prills would come into contact with the garlic compounds fi·om the prills. 
The sand substrate approximates soil better than the filter papers in the Petri dish and 
allows greater confidence in predicting the field behaviour of the garlic prills. At this point 
in the trials, ECOspray® stated that a prill application rate of 12kg ha· 1 had been proposed 
for use in the field (M. Groom, pers. comm.); this rate was therefore, incorporated into the 
trials conducted in this chapter. A range of prill treatments was used, to determine any 
effects of rate on etlicacy, as the suggested rate was determined based on economic 
assumptions at the time rather than experimental evidence of prill performance. 
As in the artificial trials of the previous section, environmental conditions were controlled 
wherever possible. Builders sharp sand was chosen instead of earth, as any field collected 
earth is likely to have been exposed to some form of agricultural input at some time (such 
as pesticides or fertilisers for example), that may have an effect on egg viability. As sharp 
sand is washed and bagged, it is more likely to be free from contaminants than soil; it is 
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also used in the maintenance of the D. radicum culture (see appendix l), so it is certain that 
the flies will lay eggs in the sand and that larvae easily reach the swede through the sand 
matrix. Again this increases confidence in any observed mortality effects on the eggs 
being due to the prills and not the artificial experimental conditions. 
3.2.1 Metllod 
Twelve seed trays (35cm by 17.5cm) were lined with paper to close off irrigation holes, and 
were then filled with sand. Three small swede (approximately 6cm diameter) were placed 
equidistantly from each other down the centre of the tray. Using the same cage 
arrangement as described previously (chapter 2, section 2.1.9) the experimental trays were 
exposed to 20 female D. radicum for 24 hours. To prevent larvae from migrating between 
the swede after hatching, two card dividers were cut to fit the tray's internal profile 
exactly, and pushed into the sand between the swede. The card did not protrude above the 
level of the sand, this way it did not prevent cabbage root fly females from moving freely 
all over the smface of the sand. Trays were placed individually in cages and exposed in 
randomly assorted pairs over six days, prior to being treated with one of three control 
protocols described below. 
After exposure, trays were covered with fine netting and left for 28days in the constant 
temperature room at 20°C (±5), 60% (± 5%) RH and 16:8 L:D. After 28 days trays were 
removed from the constant temperature room and the swedes dissected to assess larval 
recruitment. ln order to avoid double counting larvae damaged during dissection, only 
head sections were counted. The sand surrounding the swede (separated by the card board 
dividers) was sieved (2mm gauge mesh) and the number of pupae or larvae found 
recorded. Combining these three values gave the total number of successful larvae per 
swede and therefore an indication of treatment efficacy at preventing attack. 
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3.2.2 Single garlic prill application 
Three trays were each treated with either a low (5kg ha·' equivalent to 1.1 hg ka·' AI), 
medium (25kg ha·' equivalent to 5.5 kg ha·' AI) or high (I OOkg ha·' equivalent to 1.1 kg 
ha·' AI) density prill application; one set of three trays was left untreated as a control. The 
range of rates used was chosen to cover a very low usage rate (5kg ha-1), the newly 
available, predicted commercial application rate (12kg ha-1) suggested by ECOspra/', and 
a high rate, comparable to that used previously in the first prill trials (section 3.1.2, 90kg 
ha- 1). Prills were applied by hand and evenly distributed over the substrate. After 
application of the treatments the trays were dampened with 3 ml of distilled water, applied 
using a hand held pneumatic sprayer; spraying was repeated at two-day intervals 
throughout the trial period. 
3.2.3 Repeated garlic pri/1 applications 
A second set of trays were set up as in the first experiment using repeated applications of 
prills. Three applications were made at ten day intervals at rates of: 46.67kg ha·' (Low), 
93.34 kg ha"1 (Medium), 186.68 kg ha·' (Low) and control 0 kg ha·' (140kg ha·', 280 kg ha· 
1
, 560 kg ha·' and 0 kg ha·' total application respectively). Very high rates were used to 
determine if the relationship between larval recruitment and application rate reached a 
plateau of effect at high rates of application. 
3. 2. 4 Statistical anaf:J'Sis 
Due to a lack of cages, not all the trays could be set up at once. A two-factor analysis was 
therefore necessary in order to assess the effect of the treatments on larval recruitment and 
any effect of cage on larval recruitment. ln order to do this a general linear model was 
used where cage was set as l random factor nested within treatment. Levene's test was 
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used to determine homogeneity of the treatment variances. Kolmogorov-Smirnov tests 
were additionally used to determine normality of the residuals calculated in the ANOV A. 
Where variances were heteroscedastic, or residuals were non-normal, the appropriate 
transformation was determined using the Box-Cox procedure (Krebs 1999). Post hoc 
comparisons between the treatments were assessed using either Tukey's pair-wise 
companson (variances equal), or Dunnett's T3 test (if vanances unequal even after 
transformation) (Sokal & Rohlf 1981 ). 
3. 2. 5 Results 
3. 2. 6 Single dose 
The first experiment using a single application showed encouraging results, a 50.7% 
reduction in the number of individuals retrieved from the high-density prill (JOOkg ha-I) 
treatment was recorded when compared to the control (figure 3 .4). The GLM conducted 
on non-transformed data, revealed a significant difference between the cages (F = 3.41, df 
= 8, p < 0.0 I, table 3.4). No significant difference (F = 0.40, df = 3, p < 0.0 I) was found 
between the treatments although as noted above the mean number of individuals was lower 
in the high-density garlic prill treatment. 
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Sums of df Mean Square F Sig. 
Source S uares 
Between Treatments 3.72 3 1.24 0.40 p > 0.05 
Between Cage (Treatment) 24.70 8 3.09 3.41 p < 0.01 
Error 21 .74 24 0.91 
Total 50.16 35 
Table 3.4: General Linear Model results for single application of garlic pri/1 treatments and controls. 
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Fig 3.4: Mean Number of D. radicum larvae (± SE) found in swede and surrounding sand (Larvae 
and pupae) after 28 days following 24hour exposure to 20 female D. radicum. 
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3. 2. 7 Repeated application 
85% fewer individuals were collected from the highest garlic prill treatment (560kg ha·• 
total application) than the control treatment (tigure 3.5). The other two garlic treatments 
were practically indistinguishable with means of 46.22 and 46.33 individuals for the 280kg 
ha·• and 140kg ha·• treatments respectively. These were still lower than the control 
treatment (68.33 individuals on average). GLM conducted on non-transformed data 
revealed a significant difference between the cages as in the first experiment (F = 3.17, df 
= 8, p < 0.05, table 3.5). No significant difference was found between the treatments 
however (F = 3.37, df= 3, p > 0.05). 
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Sums of df Mean Square F Sig. 
Source S uares 
Between Treatments 15637.1 3 5212.4 3.37 p > 0.05 
Between Cage (Treatment) 12356.4 8 1544.6 3.17 p < 0.05 
Error 11696.7 24 487.4 
Total 39690.2 35 
Table 3.5: General Linear Model results for t11ree applications of garlic pri/1 treatments and controls. 
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Fig 3.5: Mean Number of D. radicum Larvae(± SE) found in swede and surrounding sand (Larvae 
and pupae) after 28 days following 24hour exposure to 20 female D. radicum. Application rates 
indicate total amount of pril/s applied after 3 applications. 
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3.3 Discussion: Ovicidal Activity 
The bioassay experiments performed in this section using enclosed environments showed 
significant ovicidal effects; four prills (equivalent to 90kg ha· 1 approximately) were 
sufficient to elicit a reduction of egg hatch rate of 27.1% compared to controls. However, 
hatch rate of the controls was also low (-58.3%), possibly due to drying of the filter paper 
reducing local humidities and preventing successful egg development. Damp 
environments are required to facilitate egg hatch and development, with maximum hatch 
rate achieved at 90% relative humidity (Coaker & Finch 1971 ), whilst low humidities lead 
to the hardening of the egg chorion preventing the larvae from hatching (Neveu et al. 
1997). Recruitment of larvae into swede blocks was also affected, with only 7.97% 
(±2.79) of larvae reaching the host swede block. This failure to reach the swede is most 
likely due to a lack of larvae hatching or through possible larvicidal activity rather than a 
repellent effect as the percentage of individual larvae reaching the swede in both garlic and 
control enclosures is approximately equal to the number of larvae that hatched in the 
comparable control and garlic treatments in the contact toxicity trial. 
Various authors have noted ovicidal effects of garlic compounds; Chiam et al (1999) and 
Huang et a/ (2000) report ovicidal activity of garlic constituents (allyl disulfide) when 
applied topically to eggs of Tenebrionid and Curculionid beetles. The prill product does 
reflect this mode of action, as no effect of vapour from the prills was found when the prills 
were isolated from the filter paper; no significant difference between hatch rate in control 
and treated groups was found, even though the prills smelt strongly of garlic, indicating 
that there is a significant release ofvolatiles. This suggests that the garlic compounds must 
be in direct contact with the eggs in order for them to be effective, and that the volatiles 
released do not contain the constituents required to pass into the eggs. It is also possible 
that the eggs need to be moist allowing the volatiles to dissolve into the liquid and then 
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passing into the egg. This may not be necessary though as gaseous exchange across the 
vitelline membrane occurs whether the egg is wet or not (Chapman 1998). It may 
therefore, be the size of the volatile molecules that prevents diffusion across the 
membrane. 
The mode of ovicidal activity IS unclear; the eggs that failed to hatch were found 
containing larvae at various stages of development. Some exhibited no signs of larvae at 
all, whilst others contained well-developed larvae either inside complete eggs or trapped 
half-way out of the egg. This suggests that there may be a toughening in the egg chorion 
preventing the larvae from hatching and I or preventing the embryo from developing. 
Jarial (2001) also found similar effects in eggs of Aedes aegypti (L.); exposure of eggs to a 
5% reconstituted garlic extract caused incomplete fracturing of the egg caps trapping the 
fully developed larvae, whilst exposure to natural garlic extracts produced eggs with no 
larvae visible at all. The prills used in this study seem to exert a combination of the two 
effects. Concluding that the prills are toxic is thus difficult, as it may be that a physical 
change in structure of the egg is responsible for egg failure rather than a physiological 
effect. 
These insecticidal effects (either ovicidal, or larvicidal, acting toward newly hatched 
larvae) were weakly reproduced on 'natural' substrates (sharp sand) designed to m1m1c 
field scenarios. No significant difference between treatments could be found in the small 
swede trials, likely due to the low number of replicates used and the confounding 
significant result of the cage factor on the treatments, rather than a lack of effect, as 
reduced numbers of individuals (larvae and pupae) were found in high prill treatments 
(figures 3.4 and 3.5)_._ A single application ofprills at IOOkg ha-1 was sufficient to reduce 
overall larval numbers to approximately half that found in the control treatment. Three 
applications of prills, giving a total application rate of 560kg ha-1, was sufficient to reduce 
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the number of larvae collected by 85%, compared to the control treatment. The application 
of three prill doses gives better control but this could be due largely to the significantly 
higher dose given at each point. As the dosage rates are different, comparison between 
these trials is almost impossible, but, what the two trials do show is the effect of increasing 
application rate on the efficacy of the prills, i.e. the greater the rate the better the control. 
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3.4 Prill Field Trial 
In order to test the efficacy of the garlic prills under fi.tlly natural conditions a field trial 
was conducted near Wellington in Somerset on land farmed by K. S. Coles and sons. 
Using the prills in the field is the only accurate way of assessing their potential as a 
commercial product, although there are differences between the trial and standard 
agricultural practices as the prills were applied by hand rather than with farm machinery. 
As the garlic product had not been used to treat swede before it was important to determine 
if the product would have an effect on the health of the plant. Claims on the promotional 
material of Garlic Barrier Ag® state that farmers have noted improved vigour in crops 
when sprayed with the product (Anon 2003). In order to assess the impact of the garlic 
product on the crop yield, therefore, the circumference of the swede root was measured at 
the widest part, giving an indication of the increase in biomass of the marketable section of 
the plant. In this way, negative or positive effects of the garlic on plant growth were 
assessed. 
3.4.1 Metllotl 
The experimental plot was situated in the corner of a field with hedgerow (Devon bank) to 
the right hand side and bare earth to the bottom edge of the site (grid ref: ST I 0 I, 282) 
Four treatments were applied to six blocks within the field plot; one treatment per bed of 
swede approximately 2m (±Scm) wide, each bed comprising four rows of swede. The 
experimental plot was drilled along with the rest of the field as per standard farming 
practices. Swede plants were treated once the third true leaf had reached 2cm ± 0.5 in 
length (mean leaf length from 20 randomly selected plants from the experimental block). 
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Commercial field application rates of garlic prills had not been established at the start of 
the project, so rates were selected to allow both ease of use (e.g. to give a good distribution 
of prills across a surface area), and to maximise the chances of observing an effect. 
Therefore, the rates in this chapter represent amounts that may not be economically viable 
in a practical field scenario. Nevertheless they are still important as they allow the 
quantification of effects for a given usage rate, which may be used to determine a rate that 
allows both optimal pest control and economic performance. Three prill applications were 
made by hand, distributing the prills as evenly as possible at 14 day intervals; the first 
application was made on the l4u' May. Treatments were: 
Control 
Low 
Medium 
High 
No Prills 
ll.67kg ha- 1 
23.34kg ha- 1 
46.67kg ha-1 
(35 Kg Ha-1 total application; 7.7 kg ha- 1 AI) 
(70 Kg Ha-1 total application; 15.4 kg ha-1 AI) 
(140 Kg Ha- 1 total application; 30.8 kg ha-1 AI) 
Figure 3.6 shows that the treatments were arranged in a modified Latin square design, i.e. 
no two treatments the same were placed next each other either horizontally or vertically in 
the grid. This ensured that there would be no cumulative or reinforcement effects of the 
treatments. 
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Fig 3.6: Treatment layout for pri/1 field trial. C: Control; No Pril/s. L: Low; 11.67kglha. M: 
Medium; 23.34kglha. H: High; 46.67kg/ha. Birlane@ (0.31/ha -0.3kglha) samples were taken from 
the main field crop surrounding tile plot. Treatments were applied at two week intervals. Numerals 
beside treatments indicate t/Je number of tile block they were in. 
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The remaining field crop was treated with the organophosphorus pesticide Birlane® in 
which the active ingredient is chlorfenvinphos. Three applications of Birlane® were made 
by the farmer using an air assisted top-down sprayer according to packaging instmctions 
(31 in 10001 of water ha- 1 approximately equivalent to 0.3kg ha- 1). A two bed wide buffer 
zone at the edge of the plot and a 4m strip across the top of the trial plot was established 
where no Birlane® treatment was made to prevent over-spray onto the trial plot. 
Three samples were taken from the field plot, the first 14 days after the final prill 
application, the second sample 28 days after treatment and the third 49 days after 
treatment, at the time of crop harvest. The time taken from drilling to harvest was 19 
weeks. The sampling method was variable, as sampling was conducted under the 
supervision of the farm agronomist; unfortunately, in the second sampling session, there 
was only enough time to collect four swede samples and consequently the Birlane® sample 
was sacrificed in favour of the prill treatments. 
For the first sample, ten plants were taken at random from the centre two rows of each 
treatment in the first block only. ln the second sample, ten plants were taken at random 
from the centre two rows from each treatment in each block; no Birlane® sample was 
taken. In the third sample, 25 swede plants were taken at random from the centre two rows 
from each treatment in blocks 1-3 (see Figure 3.9). Birlane® samples for the first and third 
trials were taken at random from the main field crop. All the samples were assessed on site 
for cabbage root fly damage using a 0-9 index where: 0 = < I 0%; I = I 0-19%; 2 = 20-
29% ... 9 = >90% damage. Percentage damage was assessed by estimating the total amount 
of swede root surface that had been 'mined' by D. radiCIIm larvae. Only the portion of the 
root that was buried below the soil was considered for assessment in order to avoid 
confusing damage by slugs and other invertebrate pests such as Elaterids. The buried 
portion of the swede root is easily identifiable due to the lack of purple colouration. 
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The impact of the prills on the growth of the swede was also considered. The effect of the 
treatments can be assessed by measuring the circumference of the plant root, an indication 
of the size of the marketable portion of the plant, and hence allowing the impact of the 
product on the potential yield of the crop. The circumference at the widest part of the 
swede root was measured for ten swede in the first sample, and ten randomly chosen roots 
for each treatment in each of the first blocks in the second sample. 
3. 4. 2 Statistical analysis 
Due to the imposition of different sampling regimes, samples were considered separately 
for statistical analysis. All damage score data were subjected to arcsine square root 
transformation (Arcsine (-./Score value I I 0)) prior to analysis (Krebs 1999). 
Sample 1 
To discriminate between treatments one-way ANOV A was used and the treatment 
variances tested for homoscedasticity using Levene's test. The residuals of the ANOVA 
were also tested for normality using a Kolmogorov-Smirnov test. Where treatment 
variances were heteroscedastic, or residuals were non-normal, a Kruskal-Wallis test was 
applied to confirm differences between the median values for each treatment. Where both 
the results of the Kruskal-Wallis test and the ANOVA agreed, the ANOVA results were 
accepted and differences between the treatment means were assessed using either Tukey's 
pair-wise comparison (variances equal), or Dunnett's T3 test (variances unequal) (Sokal & 
Rohlf 1981). To determine if application rate had a significant relationship with the 
damage score, a linear contrast was performed, excluding the Birlane~ treatment, as part of 
the ANOV A test. 
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Sample 2 and 3 
As the samples of swede taken were replicates from different spatially separated blocks a 
General Linear Model (GLM) was applied. The GLM was applied using both treatment 
(fixed) and block number (random) as main effects, to determine any effect of spatial 
variation on the damage scores. Differences between the treatment means were assessed 
using either Tukey's pair-wise comparison (variances equal), or Dunnett's T3 test 
(variances unequal) (Sokal & Rohlf 1981). As part of the GLM a linear contrast was 
applied excluding the Birlane® treatment to determine any dose effect of increasing 
application rate. Homoscedasticity of variances and normality of residuals were checked 
as described previously. 
Where a significant interaction between treatment and block was found the score data for 
individual blocks were analysed separately. Such interactions indicate that the treatments 
did not act consistently across all of the experimental blocks; this 'block effect' may hide 
any significant differences between the treatments. Splitting the blocks also allows the 
identification of those blocks where treatments performed inconsistently with the 
remaining blocks. 
Swede growth 
The two sets of circumference data collected were subjected to a two-way ANOV A with 
treatment and sample number (corresponding to the time that the sample was taken). . 
Homoscedasticity of variances and normality of residuals were checked as described 
previously. Tukey's pair-wise comparison test was used where variances were 
homoscedastic and Du nnett' s T3 test where they were not (Sokal & Rohl f 1981 ). 
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3.4. 3 Results 
Sample 1 
Levene's statistic indicated heterogeneity of the treatment variances (p < 0.05, df = I, f = 
23. 72). ANOV A was therefore conducted with caution in interpreting the result due to the 
increased chance of type I error. A highly significant difference between the treatments 
(table 3.6, F = 6.52, df= 4, p < 0.001) was found alongside a significant linear contrast (F 
= 23.72, df= I, p < 0.001). A Kolmogorov-Smirnov test applied to the residuals from the 
ANOVA showed that they were significantly non-normal (p < 0.01). Acknowledging that 
the main assumptions of ANOV A were broken (Sokal & Rohlf 1981 ), the non-parametric 
Kruskal-Wallis Test was also applied to the transformed score data and a significant 
difference found again (H = 20.17, df = 4, p < 0.00 I). The result of the ANOV A was 
therefore accepted; Dunnett's T3 pair-wise comparison test (figure 3.7) indicated that none 
of the three prill treatments were significantly different to the control; the mean damage 
score for the Birlane"' treatment however, was significantly different (p < 0.05). The 
Birlane® treatment mean was also not significantly different to the medium and high prill 
treatment means. A significant relationship was found between the prill treatment rate and 
damage score (Linear contrast, F = 23.72, df = I, p < 0.001, table 3.6) indicating a 
significant decrease in damage score with increasing prill rate (figure 3.7). 
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Sample 1 Sums of df Mean F Sig. 
Source S uares S uare 
Between Treatments (Combined) 0.17 4 0.04 6 .52 p < 0.001 
Linear Contrast 0.16 1 0.16 23.72 p < 0.001 
Deviation 0.02 3 0.005 0.79 p > 0.05 
Within Treatments 0.29 45 0.007 
Total Error 0.46 49 
Table 3.6: ANOVA results for pri/1 field trial; sample 1. 
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Fig 3. 7: Mean damage scores (± SE) for sample 1 (two weeks after final treatment) after three 
applications of treatment. Treatment rates indicate total weight of prills applied after three 
applications. Superscripts represent significant difference between treatments (p < 0.05, Dunnett's 
T3 pair-wise comparison, calculated using transformed data). N. B. Absence of error bars indicates 
no error; all replicates identical. N = 10. 
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Sample 2 
Levene's test indicated homogenous vanances between the treatments, and the GLM 
results (table 3. 7) showed no significant effect of block (F = 2.40, df= 5, p · 0.05), and a 
significant effect of treatment (F = 0.47, df = 3, p < 0.01) on damage scores. No 
significant interaction was found between block and treatment. Significant differences 
were found (p < 0.05, Tukey's pair-wise comparison) between the medium and high prill 
treatments and the control (Figure 3.8) with no significant difference between the high and 
medium prill treatments. A significant negative relationship was found between the prill 
treatment rate and damage score (Linear contrast, F = 6.54, df= 1, p < 0.001, table 3.7) 
indicating a significant decrease in damage score with increasing prill rate (figure 3.8). 
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Sample 2 Type Ill df Mean F Si g. 
Source Sums of Square 
S uares 
Between Treatments (Combined) 1.40 3 0.470 6 .50 p < 0.01 
Error 1.20 15 0.008 
Linear Contrast 1.40 3 0.470 6.54 p < 0.001 
Between Blocks 0.96 5 0.190 2.40 p > 0.05 
Error 1.20 15 0.008 
Treatment and Block 1.20 15 0.008 1.12 p > 0.05 
Total Error 25.15 351 0.007 
Table 3. 7: GLM result for pri/1 field trial; sample 2. 
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Fig 3.8: Mean damage scores(± SE) for sample 2 (four weeks after final treatment) after three 
applications of treatment. Treatment rates indicate total weight of pril/s applied after three 
applications. Superscripts represent significant difference between homogeneous subsets (p < 
0.05, Tukey's pair-wise comparison, calculated using transformed data). N.B. Absence of error 
bars indicates no error, all replicates identical. N = 10. 
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Sample 3 
Levene's test indicated heterogeneous variances between treatments (p < 0.00 I), so any 
result was considered with caution due to the increase of type I error. The results of the 
GLM showed a significant interaction (F = 3.17, df = 4, p < 0.001, table 3.8) between 
treatment and block. No significant difference was found between mean damage scores for 
each block however. Figure 3.9 shows the mean damage scores for each treatment in each 
block and the variability indicated by the GLM. In order to assess the performance of the 
prills the data set was separated by block and individual ANOV As performed. 
Sample 3 Type Ill df Mean F Sig. 
Source Sums of Square 
S uares 
Between Treatments Hypothesis 1.23 4 0.31 3.17 p > 0.05 
Error 0.78 8 0.01 
Between Blocks Hypothesis 0.36 2 0.18 1.88 p > 0.05 
Error 0.78 8 0.01 
Hypothesis 0.78 8 0.01 3.37 p < 0.001 
Treatment and Block Error 10.34 359 0.03 
Table 3.8: General Linear Model resu"s for field trial for sample 3. 
lOO 
Block 1 
Data were both non-normal (Kolmogorov-Smirnov test p < 0.0 I) and variances 
heterogeneous (Levene's test p < 0.01). One-way ANOVA revealed a significant 
difference between the treatments (F = 14.74, df = 4, p < 0.001, table 3.9), which was 
confirmed by a Kruskal-Wallis test (H = 39.39, df = 4, p < 0.001). Post hoc pair-wise 
comparisons split the treatments into two groups: Control, Low and medium, and High and 
Birlane® (Significantly different p < 0.05, Dunnett's T3 pair-wise comparison; figure 3.9). 
Linear contrast indicated a significant relationship between mean damage score and the 
rate of application (F = 33.97, df = 1, p < 0.00 I, table 3.9) with damage score decreasing 
with increasing prill application rate. 
Block 2 
Data were both non-normal (Kolmogorov-Smirnov p < 0.0 I) and variances heterogeneous 
(Levene's test p < 0.05). One-way ANOVA revealed a significant difference between the 
treatments (p < 0.001, df= 4, f= 5.43, table 3.10), which was confirmed by Kruskai-Wallis 
test (H = 20.54, df= 4, p < 0.00 1). Dunnett's T3 pair-wise comparison showed significant 
differences between the control and Birlane® treatments, but not between the high garlic 
prill rate and Birlane® (figure 3.9). There was a significant relationship (linear contrast, F 
= 33.97, df= L,p < 0.001, table 3.10) between the garlic prill treatment and mean damage, 
with damage score decreasing with increasing prill application rate. 
Block 3 
Treatment variances were homoscedastic, although analysis of the residuals showed a 
significant departure from normality (Kolmogorov-Smirnov p < 0.01). One-way ANOVA 
showed no significant difference between the treatment means (table 3.11); Kruskal-Wallis 
test also indicated no significant difference between the treatments. No significant 
relationship between the treatment rate and damage score existed. 
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Block 1 Sums of df Mean F Sig. 
Source S uares S uare 
Between Treatments (Combined) 1.27 4 0.32 14.74 p < 0.001 
Linear Contrast 0.73 1 0.73 33.97 p < 0.001 
Deviation 0.54 3 0.18 8.33 p < 0.001 
Within Treatments 2.59 120 0.02 
Total Error 3.86 124 
Table 3.9: A NOVA results for sample 3, block 1. 
Block 2 Sums of df Mean F Sig. 
Source S uares S uare 
Between Treatments (Combined) 0.60 4 0.15 5.43 p < 0.001 
Linear Contrast 0.38 1 0.38 13.60 p < 0.001 
Deviation 0.22 3 0.08 2.70 p < 0.05 
Within Treatments 3.32 120 0.03 
Total Error 3.92 124 
Table 3.10: ANOVA results for sample 3, block 2. 
Block 3 Sums of df Mean F Sig. 
Source S uares S uare 
Between Treatments (Combined) 0.25 4 0.06 1.76 p > 0.05 
Linear Contrast 0.10 1 0.10 2.74 p > 0.05 
Deviation 0.16 3 0.05 1.44 p > 0.05 
Within Treatments 4.31 120 0.04 
Total Error 4.56 124 
Table 3.11: ANOVA results for sample 3, block 3. 
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Fig 3.9: Mean damage scores (± SE) for samples 1 (two weeks after final treatment), 2 (four weeks 
after final treatment) and 3 (at swede harvest, 7 weeks after final application). Treatment rates 
indicate total weight of pri/ls applied after tflree applications. N = 25. 
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.,, 
impact on Swede 'G1.·owih 
T.WocWay AN OVA: revealed ino•significantieffect qf~ample!(i:e, til'ne): on LtMe;cirfi.Jirifefeiice 
of the swedes safnpled\ 1io significant interacti~>n! :between sample :and t~eatment :andl no, 
significant difference: between·. the mean circumferences of' the. treatments' (table 3 .'F2, and' 
:figure 3,,16)·. 
Type Ill Sums df Mean F Si g. 
Source of S uares S uare 
Between Treatments Hypothesis 8206.60 4.00 2051.65 1.51 p > 0.05 
Error 4868.84 3.58 1358.55 
Between Samples Hypothesis 11924.21 1.00 11924.21 8.79 p > 0.05 
Error 4070.68 3.00 1356.86 
Treatment and Sample Hypothesis 4070.58 3.00 1356.86 0.99 p > 0.05 
Error 224447.63 163 1376.98 
Table 3.12: GLM results for swede circumference. 
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Fig 3.10: Mean swede circumference (mm± SE) for samples 1 (two weeks after final treatment) 
and 2 (four weeks after final treatment) after three applications of treatment. Treatment rates 
indicate total weight of pril/s applied after three applications. N. B. no Birlane ® sample was taken in 
sample 2 
105 
3.4.4 Discussion 
The mean damage scores between the first two samples for each of the prill treatments 
vary very little, and treatment effects were consistent across blocks; it is only at the third 
sample that the treatments begin to vary across the experimental plot. As the first two 
samples show consistent results, it is likely that either the prills controlling influence upon 
the cabbage root fly had faded or the number of flies visiting the crop had diminished by 
the third sample, allowing D. radicum larvae to hatch and colonise the swede. Variation 
between blocks may be due to aggregation of D. radicmn eggs as cabbage root flies have 
been shown to lay eggs on plants that have already been damaged by other cabbage root fly 
larvae (Baur et al. 1996). Therefore, if one block has more favourable conditions for 
oviposition, or swede that are more attractive to the flies, the swede within it will receive 
more damage giving rise to inter-block variation. 
Weathering breaks down the prills, and the garlic oil disperses over time in the field. This 
would give rise to a loss of activity allowing larvae to establish in the crop. Once this has 
happened, more eggs would be laid on damaged crops within the blocks leading to some 
blocks, or areas within blocks, with very high damage and other areas or blocks with very 
little, exacerbating the inter-block variation discussed above. Diallyl disulfide has been 
shown to breakdown rapidly in water with over 60% of the compound being lost over 
24hrs (Ramakrishnan et al. 1989), most likely through volatilisation. Once released from 
the prills it is likely that the garlic oil (of which diallyl disulfide is a major component) will 
have a very short-lived period of activity. Therefore, the rate of release of the garlic oil 
from the prill probably governs the persistence of D. radicum control rather than the 
longevity of the garlic compounds in the environment themselves. Variation in local (to 
the plant) climatic conditions and soil structure (e.g. porosity; drainage implications, or soil 
type; clay, sandy loam etc) between the blocks, and across the field, may well increase or 
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decrease this loss of prill activity by altering the rate of release of the garlic compounds, 
further increasing the spatial heterogeneity of D. radicum control. The performance of the 
prills will need to be assessed across a wide variety of soil types to ensure that D. radicum 
control levels are sufficient on all soils, thus allowing the farmer confidence in the product 
whenever it is used. Factors such as drainage for example may well reduce efficacy if the 
prill volatiles are quickly washed through the soil matrix. 
In contrast the Birlane® treatment has consistent scores across the samples (damage score 
is always one) suggesting that the Birlane® product has a greater persistence in the field. 
This indicates that the Birlane® product prevents all but the most tolerant of eggs from 
hatching, and that Birlane® is less than lOO% effective. It may also be the case that that the 
observed level of damage is due to the farmer waiting for the one egg per plant threshold to 
be reached before spraying, rather than inefficiency of the Birlane® product. Before the 
threshold is reached, and Birlane® applied, the plants may receive sufficient levels of 
damage to give a consistently low damage score. 
The level of protection afforded by the prills appears to last at least one month according to 
these data, with the indication of a break down in activity after this point, reflected by the 
variability of mean garlic prill treatment damage scores between blocks from the third 
sample. This information begins to address the problem of how often to apply the product 
in the field, information that is essential to the farmer. Based upon these results it would 
be important for product information to stress that the prills have an effect up to one month 
after application, although further work using single applications of prills and repeated 
measure sampling from an experimental plot would be required to confirm this. 
The prill treatments had no detrimental effect on the growth of the crop, as the 
circumferences of the swede roots are consistent between all treatments (no significant 
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difference between the treatment means). As there was no decrease in circumference with 
prill treatments, it is reasonable to assume that the commercial prill use would impose no 
yield penalty. 
This field trial demonstrates a clear dose response between application rate of the prills and 
the mean damage scores of the treated plant roots. At the highest application rate (three 
applications of 46.67kg ha-1) crop damage was comparable to that of the Birlane<Xl 
treatment. However, whether this high rate becomes viable in agricultural practice is 
debatable, as it is vastly more expensive than Birlane® (table 3. I 3). However, with the 
impending ban on Birlane® in July 2003, brassica farmers are left with few alternatives. 
One such alternative is Enviromesh™, a bonded fibre fleece material used as a barrier to 
prevent insect access to the crop, thus reducing damage. Even though the prills are 
expensive, they are still more cost effective than EnviromeshTM, which as well as being 
expensive to purchase is highly labour intensive to put down and maintain once in place (P. 
Coles, pers. comm.). As the prills can be applied using machinery already available for the 
application of granular fertilisers and pesticides it is likely that the overall cost of using the 
prills is significantly cheaper than the Enviromesh™ product; as no extra labour is required 
for application over that of a standard granular product. 
Product Usage rate 
Garlic JJrills 46.67kg ha-
Bir1ane® 0.3% 
Enviromeshm N.A. 
Table 3.13: Approximate cost for a single application of pril/s compared to other pesticides 
currently in use. 
Despite the high application rate, the actual amount of active ingredient is reasonable 
(10.27kg ha-' per application), if improvements to the prill system could be made that 
allow a greater proportion of garlic adsorption onto them, it is likely that the performance 
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of the prill per unit weight would improve. Such an improvement would reduce the overall 
application rate in the field, however, the production costs of the prills are closely linked to 
the cost of the garlic oil, and hence the economics of re-engineered prills is not transparent 
Improvements in efficacy may also be achieved by altering the application method; in 
order for the prills to work as a topical product, it is essential that the soil surface is 
sufficiently moist to allow the garlic compounds to leach out, this will not be the case 
under dry conditions. Perhaps a more effective method of application would be to 
distribute the prills through the soil at the time of drilling. They would however need to be 
incorporated at a depth close to the eggs, i.e. within the first few centimetres. This way the 
prills would be enclosed in the soil matrix, which is damp or humid through most weather 
conditions except extreme periods of drought. Soil incorporation would allow the garlic 
compounds to diffuse through the soil itself and may improve the coverage of the product. 
Topical application may give a patchy distribution of the garlic products reducing efficacy. 
Further studies would be needed to address this hypothesis. The etlicacy of topically 
applied prills in dry conditions may also be improved by irrigating the crop, however, this 
would be a fur1her cost to the farmer as the majority of modern farms are now metered for 
water use (P. Coles, pers. comm.). Irrigation also raises logistical problems; transporting 
large quantities of water to fields without an in situ supply would be difficult and again, 
costly. 
The results from this trial are encouraging and show that the prills could become an 
effective control product against D. radicum. Considering the laboratory work within this 
chapter, it seems likely that the mode of action of the prills in the field is due to ovicidal 
activity or larvicidal activity on newly hatched larvae. 
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3.5 General Discussion 
In addressing the aims of this chapter, the data presented indicate that the garlic prills do 
exert an ovicidal effect and prevent cabbage root fly damage in the field. What has also 
been shown is that the mechanism through which this ovicidal activity is achieved is not 
straightforward to explain. The mechanism by which the eggs are exposed is important; 
the garlic prills require contact with a damp surface through which the garlic compounds 
can disperse, and subsequently contact the eggs in order to work. Volatiles from the prills 
do not seem to have any effect on egg viability, contrary to other authors observations (see 
section 3 .I. I 0). This may be due to the D. radicum eggs being more tolerant to gaseous 
exchange of volatiles than the other species' eggs or because the volatiles present in the 
garlic oil absorbed onto the prills, do not have the same chemical properties required to 
facilitate exchange across the vitelline membrane of the egg. 
How the garlic compounds prevent egg hatch, once in contact with the egg is also not 
clear. There is evidence from observations of the eggs that there is a change in the 
structure of the egg preventing the fully developed larvae from hatching, and in some of 
the eggs that the garlic compounds have prevented embryonic development, these 
observations are consistent with those of Jarial (200 I). There may also be a larvicidal 
effect, although the experiments reported here cannot prove this, as they focus on the 
effects of the prills on egg hatch rather than larval survival. A larvicidal effect is likely, as 
previous authors have demonstrated toxicity to larvae of various species (see table 1.4, 
Introduction) although data regarding Dipteran larvae is restricted; Bhatnagar-Thomas and 
Pal (1974a and b) demonstrate larval toxicity in M. domestica when exposed to garlic 
compounds. Thomas and Callaghan ( 1999) show that raw extracts of garlic are toxic to the 
larvae of Culex pipiens (Say.), and Blackwell and Groom ( 1999) demonstrate larvicidal 
activity of Garlic Barrier Ag™ against Culicoides impunctatus. 
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The garlic prills do prevent cabbage root fly damaging swede crops, although they are 
likely to be more expensive than the organophosphorus products currently in use (see table 
3 .13, section 3 .4.4). However, once the ban on insecticides containing chlorfenvinphos 
takes effect in July 2003, the garlic prills may provide a cost effective alternative to the 
remaining pest control products, for example EnviromeshTM, which is more expensive than 
the garlic prills per hectare. For the prills to effectively take the place of Birlane® much 
more work will need to be done to determine application rates and how long the prills are 
effective for after application; without this knowledge, integrating the prills into a modern 
pest management system will be difficult. Work should also be undertaken to determine 
the efficacy of the prills when used as a soil inclusion product, as this will seal the prills 
into a permanently damp environment, which may improve efficacy. The data in this 
chapter suggest that it is necessary for the prills to be damp in order to work effectively. 
There may be problems with efficacy if environmental conditions in the field are dry for 
extended periods preventing the garlic compounds from leaching out of the prills. 
A more effective way of achieving even distribution of the garlic compounds would be to 
apply the garlic in liquid form. That way a given concentration of the garlic oil could be 
effectively applied across the whole of the field. Shortly after the prill field trial 
ECOspray® supplied the crude garlic oil absorbed onto the garlic prills with an oil 
adjuvant, with the intention of developing a single pack mixture of the two products for use 
against D. radicum. The next chapter considers the potential for such mixture as an 
insecticide. 
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4.0 Introduction 
When the garlic oil is absorbed onto wood flour pellets (prills), little or no repellence was 
demonstrated against D. radicum (see chapter 2). Consequently this chapter focuses on 
determining any insecticidal effect of the garlic oil. The garlic oil is intended for use 
mixed with an adjuvant. The benefits of using an adjuvant with an insecticide are 
generally only observed in terms of spray performance improvements (see introduction 
chapter, section 1.3.5). Therefore, using an adjuvant with the garlic oil in the laboratory 
may not have an appreciable effect on the insecticidal characteristics of the garlic oil. 
Theoretically, there should be minimal insecticidal effect of the adjuvant on the mortality 
of the target species, as the adjuvant prescribed by ECOspral' is registered with the 
Pesticide Safety Directorate, who state that an adjuvant should have no significant 
insecticidal properties. However, as the adjuvant is derived from rapeseed it is likely to 
contain many of the chemicals common to brassica plants, which in fact may not be ine11, 
either insecticidally (the isothiocyanates, common to many brassicas are toxic to 
Lepidoptera; Wadleigh & Yu 1988) or chemically (the thiol group of the isothiocyanates 
makes them possible targets for thiol-disulfide exchange; Jocelyn 1972). Consequently 
any reaction of the isothiocyanates with those in the garlic oil may have a profound effect 
on the efficacy of the final adjuvant and garlic oil mixture, and the adjuvant itself may 
have insecticidal properties against the target species. It is therefore important to ascertain 
what these effects may be in order to assess the effect of the adjuvant oil on the 
performance of the garlic oil. 
This chapter therefore sets out to determine the effect of changing the ratio of adjuvant oil 
to garlic oil on the mortality rates of D. radicum and M. domestica. Once the most 
effective ratio was established, experiments were undertaken to determine whether there 
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was a dose response of mortality to the garlic oil mixture and hence to calculate the 
corresponding LC5o values for each of the life-stages and spec1es, where possible. 
Determination of LC5o values also gave an insight into the most effective field rate 
necessary to control D. radicum in the field. The results of these various lab trials were 
used to establish potential field rates for a field trial conducted to assess commercial 
efficacy. 
The target species considered were expanded to include both D. radicum and M domestica 
in order to corroborate any observed effects of the product on D. radicum. M. domestica is 
a close cousin of the cabbage root fly so should exhibit similar responses to the product to 
D. radicum. This corroboration allows greater confidence in any observed effects and 
allows the identification of potentially spurious results by cross checking the results 
between the species; discrepancies would indicate possible areas of concern. 
Mortality bioassays were conducted on all life stages of the pest species, with effects on 
egg, adult and larvae investigated for both, although initial experiments to assess the most 
effective garlic and adjuvant oil ratio were conducted on eggs alone, as eggs were the 
stated target life-stage. Accordingly, LC5o values were determined for each life stage for 
each species. The results of these trials gave an indication of the most effective times to 
apply the product in the field. For example, if there was no toxic effect upon eggs but 
there was on larvae, field applications would be most appropriately applied at the time that 
larvae had hatched. 
Control of pests using naturally derived plant compounds is not a new concept (see Block 
( 1985) for a review of historical uses and table 1.4, chapter I), and a number of botanical 
products are already available on the open market (see section 1.2, chapter I). Two such 
products are Garlic Barrier Ag® and Exorsect®. Garlic Barrier Ag® is a commercially 
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available garlic based product used in the USA, registered with the EPA (The 
Environmental Protection Agency, the American equivalent of the Pesticide Safety 
Directorate in the U.K.) as a repellent, which claims to control many plant pests including 
moths and flies. The product is described as being 99.3% garlic juice and having a 
systemic mode of action, which will not taint the taste of the crop sprayed (Anon 2003). 
Exorsect® is a British product marketed by Marabo ltd, used to control aphids and nuisance 
flies such as M domestica. The product is a mixture of garlic oil and essential oils, and is 
described as a phyto-sanitiser, a plant performance stimulant and plant invigorator 
(Exorsect® product literature). 
In order to assess the insecticidal properties of the garlic oil, direct comparison was made 
with a successful organophosphorus pesticide, chlorfenvinphos, either in its pure form or 
as the active ingredient of the commercially available Sapecron®. Initial trials were 
conducted using chlorfenvinphos as neither Sapecron® or Birlane® (another insecticide 
containing chlorfenvinphos available for cabbage root fly control, see chapter I, section 
I.I) were available. The chlorfenvinphos treatment was subsequently replaced with 
Sapecron®, after a quantity was sourced for use by ECOspray®. This reduced experimental 
costs and improved the comparability of the experiments with the field scenario as 
Sapecron® contains other compounds, not present in the pure chlorfenvinphos sample, that 
may effect its efficacy toward the target species. 
The chlorfenvinphos and Sapecron® treatments are used as positive controls to which the 
performance of the garlic product can be compared. Further comparisons could also be 
made with other garlic-based pest control products on the egg stages. These products are 
already established to some degree in the agricultural community, and thus provide a 
benchmark of insecticidal activity against which the performance of the garlic oil can be 
assessed. The garlic oil provided by ECOspray00 would need to be at least as effective as 
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the competitors in order to compete in the same market, therefore, it would also need to 
perform as well as the current industrial best practice in order (Sapecron® I Birlane~ to 
maximise its marketability and commercial success. 
The final section of the chapter describes the results of a field trial (see section 3.0, chapter 
3, for rationale) similar to that of the prill field trial. However, this trial set out to test the 
performance of both the garlic and adjuvant mixture determined from the laboratory work 
(considered earlier in the chapter) against the current best practice (Birlane® in this 
instance, see section 1.1, chapter I) and the possibility of spatial effects. This was 
achieved by using six different field sites, which allows variation of the soil type and 
environmental characteristics between sites, but also increases the chance of using a field 
site that has sufficient cabbage root fly numbers to ensure crop damage. This design is 
preferable to that of the prill trial because if no damage is recorded at all (thus making it 
impossible to discriminate any effect of the garlic oil minimising cabbage root fly damage 
over that of the control treatment) in one of the sites (for example) there are five others that 
hopefully do have sufficient damage in order to make a comparison. To detem1ine that 
there were significant fly populations in the field plots, egg counts were conducted to 
assess the level of threat to the crop locally. 
In summary, the chapter sets out to determine: 
- Which garlic oil to adjuvant oil ratio has the greatest effect on egg viability in D. 
radiCIIm and M domestica? 
- Does the efficacy of the product vary across life stages in the two target species? 
- What are the LCso values for each life stage of the two target species? 
How does the garlic oil perform in relation to similar garlic based products and the 
current best practice? 
JIG 
I. Qan ;g!lrlic dil !application' prevent f);./'ad/clirillar.vae from d~inaging the.roots of:!)wede 
crops? 
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4.1 Garlic Oil to Adjuvant Ratio 
The Pesticide Safety Directorate (PSD) defines an adjuvant as: 'A substance other than 
water without significant pesticidal properties, which enhances or is intended to enhance 
the effectiveness of a pesticide, when it is added to that pesticide'. The rapeseed oil 
intended for use with the garlic oil is registered with PSD as an adjuvant and is considered 
benign in terms of insecticidal effect. However, the product has not been used with the 
garlic oil before; accordingly, the rate at which the product should be used in order to give 
the maximum benefit (if any) to the garlic oil's efficacy is unknown. The garlic oil to 
adjuvant ratio proposed for use in the field by ECOspray~ was 1.2: I (garlic oil : adjuvant), 
a rate chosen without any basis in experimental data. 
Mixing the garlic and rape seed oils may have profound effects on the chemistry of the 
garlic oil. Kim et a/ ( 1995) report significant changes in the chemical composition of garlic 
oil after mixing with soybean oil, noting a significant increase in the vinyl-dithiins present 
in the oil when the soybean and garlic oils were mixed. Changes like this may have 
serious implications for the efficacy of the garlic oil, whether the effects are positive or 
negative is clearly of interest. 
This section sets out to determine the efficacy of different garlic oil to adjuvant mixtures 
against the eggs of D. radicum when used in laboratory bioassays. 
118 
4.1.1 Metltod 
4.1.2 Exposure of Eggs 
D. radicum and M domestica eggs were collected as described in appendix 2, prior to use 
in the following experiment. 
Thirty 9cm Petri dishes were lined with 8.Scm Whatman #1 filter papers for each 
treatment. ln order to determine the effect of altering the proportion of each component of 
the mixture on ovicidal activity, a range of treatments was used, increasing or decreasing 
the proportion of garlic in the mixture. Treatments used were (garlic: adjuvant ratio): 
High 2.4: l 
Medium 1.2 : l 
Low 0.3 : l 
Control Water only 
Garlic Control 1.2:0 
Adjuvant Control 0 : I 
The garlic oil and adjuvant mixtures were prepared fresh pnor to use and mixed 
thoroughly. In the case of the garlic control, distilled water was used in place of the 
adjuvant; for the adjuvant control, distilled water was used in place of the garlic oil, thus 
maintaining the proportion of the original 1.2: l mixture (e.g., garlic control, 1.2 par1s 
garlic oil to I part water; adjuvant control, 1.2 parts water to l part adjuvant). Once mixed, 
the garlic oil and adjuvant solution were diluted with distilled water to a concentration of 
0.5% and lml of the treatment solution (sufficient to dampen the paper without pooling, 
reducing the chances of drowning the eggs) was applied to the filter paper in the Petri 
dishes. Thirty fly eggs were then laid out in the centre of the dish, and the lid applied and 
taped down to maintain humidity. The dishes were kept in a constant temperature room at 
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20°C (±5), 60% (± 5%) RH and 16:8 L:D for seven days, after which time the number of 
eggs that failed to hatch were counted and percentage mortality was calculated. 
4. 1. 3 Statistical analysis 
Percentage mortality data were transformed (Arcsine ('J Score value I 100)) in order to 
normalise the data (Sokal & Rohlf 1981). To discriminate between treatments one-way 
ANOVA was used and the data tested for homogeneity of variances using Levene's test, 
and for normality of the analysis residuals using the Kolmogorov-Smirnov test. Where 
data did not have equal variances between treatments or the ANOV A had non-normal 
residuals the non-parametric Kruskai-Wallis test was applied to confirm differences 
between the median values for each treatment (Dytham 1999). Where both the results of 
the Kruskai-Wallis test and the ANOVA agreed, the ANOVA results were cautiously 
accepted, and differences between the treatment means assessed using Tukey's pair-wise 
comparison when variances were equal and Dunnett's T3 test when they were not (Sokal & 
Rohlf 1981). 
4.1.4 Results 
Delia radicum 
One-way ANOV A revealed a highly significant difference between the treatment means (F 
= 55.89, df = 5, p < 0.001, table 4.1). Although Levene's test revealed significantly 
different variances across treatments (p < 0.001), the residuals of the analysis were 
normally distributed (Kolmogorov-Smirnov test, p > 0.05). As noted before, this increases 
the chances of making a type I error so the non-parametric Kruskai-Wallis test was 
performed to confirm the result; a significant difference was noted between the treatment 
medians (H = 119.71, df= 5, p < 0.001); the ANOVA result was therefore accepted. 
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Dunnett's TJ pair-wise comparison showed that the adjuvant and garlic oils used alone 
with water showed significantly greater (p, 0.05) mortalities when compared to the control 
but not when compared to the equivalent 1.2: I mixture (Figure 4.1). The medium and high 
garlic mixtures had significantly greater mean mortalities than the control treatment (p < 
0.05) but were not different to each other. 
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D. radicum Sums of df Mean Square F Sig. 
Source S uares 
Between Treatments 9.37 5 1.87 55.89 p < 0.001 
Within Treatments 5.84 174 0.03 
Total 15.20 179 
Table 4.1: ANOVA results for D. radicum egg exposure to various garlic oil to adjuvant mixture 
ratios, and control treatments. 
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Fig 4.1: Mean percentage mortalities ± SE (Failure to hatch) for thirty D. radicum eggs after 
exposure to 0.5% treatments of various mixtures of Garlic oil and adjuvant (G:A) after 7 days. 
N=30. N.B. A C; Adjuvant control, G C; garlic control (0:1 and 1.2:0 ratios respectively). 
Superscripts represent homogenous subsets that are significantly different to each other (p < 0. 05, 
Dunnett's T3 pair-wise comparison, calculated using transformed data). 
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Musca domestica 
One way ANOV A revealed significant differences between the treatment means (F = 
36.20, df= 5, p < 0.00 I, table 4.2) although the variances were not equal across treatments 
(Levene's test p < 0.001) and the residuals were non-normal (Kolmogorov-Smirnov test p 
< 0.05). Kruskal-Wallis test also revealed a significant difference between the medians of 
the treatments (H = 92.14, df = 5, p < 0.001) so the ANOV A result was interpreted with 
caution and Dunnett's T3 pair-wise comparison of the means computed (Figure 4.2). The 
garlic alone treatment was significantly different to the control (p < 0.05) again, increasing 
mortality. This mortality increase was not as effective as when combined with the adjuvant 
however, as there was a significant difference between the 1.2: I treatment and garlic alone. 
The adjuvant alone was not significantly different to control. The 1.2:1 and 2.4: I ratios 
were also not significantly different from each other, despite being the most effective 
treatments. 
123 
M. domestica Sums of df Mean Square F Sig. 
Source S uares 
Between Treatments 6 .83 5 1.37 36.20 p < 0.001 
Within Treatments 6.57 174 0.04 
Total 13.40 179 
Table 4.2: ANOVA results for M. domestica egg exposure to various garlic oil to adjuvant mixture 
ratios, and control treatments. 
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Fig 4.2: Mean percentage mortalities ± SE (Failure to hatch) for thirty M. domestica eggs after 
exposure to 0. 5% treatments of various mixtures of Garlic oil and adjuvant (G:A) after 7 days. 
N=30. N.B. A C; Adjuvant control, G C; garlic control (0:1 and 1.2:0 ratios respectively). 
Superscripts represent homogenous subsets that are significantly different to each other (p < 0. 05, 
Dunnett's T3 pair-wise comparison, calculated using transformed data). 
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4.1.5 Discussion 
Mortality of D. radicum eggs was higher in the adjuvant oil treatment alone than the 0.3: I 
garlic oil to adjuvant mixture; this was counter intuitive as the adjuvant oil is intended to 
improve the performance of the garlic oil and the adjuvant is not known to be insecticidaL 
At higher garlic oil and adjuvant ratios (2.4: I and 1.2: 1) the mixtures do increase mortality, 
when compared to the control, garlic oil and adjuvant oil alone treatments. This result is 
most likely due to large variation in the adjuvant oil treatment data, reflected by there 
being no significant difference between the 0.3:1 mixture and the adjuvant alone. No 
effect of the adjuvant alone was noted in the M. domestica eggs, the percentage hatch rate 
was not significantly different in the adjuvant treatment to that in to the control. 1t is 
unlikely therefore that the adjuvant alone has a significant effect on hatch rate, which 
confirms the PSD adjuvant certificate requirements. 
Both garlic oil and adjuvant used alone had negative effects on egg hatching. This 
mortality rate is not as great as when the same volumes of garlic oil and adjuvant are 
mixed, suggesting either that there is a synergistic effect of the two products, or that the 
garlic compounds are chemically transformed on mixing with the adjuvant oil, improving 
efficacy. Kim et al (1995) reported changes in garlic oil compounds when mixed with soy 
bean oil; reactions of the garlic compounds and the adjuvant cannot therefore be m led out. 
As the adjuvant is derived from rapeseed, it is likely to contain many of the glucosinolate 
hydrolysis products common to the Brassica genus, notably the isothiocyanates which 
contain a thiol group (Wadleigh & Yu 1988). Thiol groups will readily react with double 
sulfur bonds (Jocelyn 1972), of which there are many in the garlic oil, in the form of diallyl 
polysulfides. Reaction ofthese adjuvant thiols with diallyl disulfide, for instance may give 
a compound that is more effective. 
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The cause of toxicity of the isothiocyanates has been linked to the release of hydrogen 
cyanide as a by-product of enzymatic conjugation with glutathione by glutathione 
transferases (Habig et al. 1975). It is possible that the reaction products of the 
isothiocyanates and diallyl polysulfides will result in the formation of mixed disulfides 
containing cyanide that are more readily broken down by glutathione S-transferase, or will 
react without catalysis with reduced glutathione, releasing greater proportions of hydrogen 
cyanide than if the isothiocyanates were unchanged. Release of cyanide into the organism 
would be fatal as cyanide blocks the electron transport chain in mitochondria (Gilbert 
1992) preventing the production of ATP (essential for cell metabolism), causing the 
eventual death of the organism. 
Based on these results the decision was made to use the 1.2: I garlic to adjuvant ratio for all 
further trials; there was no statistical improvement in mortality when the higher garlic to 
adjuvant ratio was used. Coincidentally, this ratio is that recommended for use in the field 
by ECOspray'*'. 
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4.2 Concentration Effect 
For the garlic and adjuvant mixture to be used effectively in the field, it is important to 
understand the response of the target organisms to the mixture, in order to determine the 
most efficacious application rate. This section considers the response of each life-stage of 
the two pest species considered to the garlic oil and adjuvant mixture, with the aim of 
determining the most susceptible life-stage, so that the application method can be 
configured to target that stage. 
In order to compare the efficacy of the product to the individual life stages the 
concentration required to kill SO% of the exposed individuals after a given period, i.e. the 
LC50 value was calculated. This gives an indication of the life-stage's tolerance to the 
product. The experiments undertaken for this section address these aims and allows both 
the most effective concentration to be determined, and establishes the life-stage most 
susceptible to exposure to the garlic oil and adjuvant mixture. 
4.2.1 Metllod 
4.2.2 Exposure of Eggs 
Egg exposure was conducted as in section 4.1.2 using treatments prepared freshly for each 
assay from a 1.2: I mixture of garlic oil to adjuvant. Six concentrations of this garlic oil to 
adjuvant mixture were made up with distilled water and vigorously shaken before each use, 
these were: 0% (water alone, control), 0.25%, 0.5%, 1%, 2% and 5%. 0.5% 
chlorfenvinphos (Sigma-Aldrich) was also used as a positive control to allow comparison 
with the 'current best practice' product. Chlorfenvinphos is the active ingredient of both 
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Birlane® and Sapecron® pesticides, both of which are approved for use against cabbage 
root fly in the field (see section 1.1, chapter I). 
4.2.3 Exposure (!f Lan,ae and Adult Hies 
Collection of D. radicum larvae proved problematic, as the culture population of larvae are 
all held within whole swede. Collecting early instar larvae is practically impossible, as the 
swede needs to be finely dissected in order to find them. More often than not, in the 
process of doing this most larvae are damaged. Second instar larvae were therefore used, 
at this stage of development they move to the outer layer of the swede where removal is 
easiest. Either the tough skin of the swede was simply peeled back and the larvae 
collected, or larvae were obtained by carefully splitting the swede up and picking them 
from their feeding tunnels. M. domeslica larvae were much easier to collect; second instar 
larvae were used to provide comparability to the D. radicum trial. Larvae were picked 
directly from the bran mixture in which they feed and live. Adult flies of 7-14 days old 
were collected from the main cultures. 
Plastic universal sample tubes (9.5cm tall and 2cm diameter) were lined with Whatman #I 
8.5cm filter papers and 0.8ml of the treatment solution applied (the amount used was 
reduced from I ml in the egg assay as the treatment solution was found to drip from the 
paper into the base of the tube. The reduction in volume prevented the chance of animals 
drowning in this pooled liquid prior to ten larvae or adults being introduced to individual 
tubes, twenty replicate tubes were set up for each treatment for each life-stage. Once the 
individuals were enclosed, the lid was applied loosely enough to prevent an airtight seal 
but tight enough to prevent escape. Larval trial tubes were laid horizontally in racks and 
left for 48 hours in a constant temperature room at 20°C (±5), 60% (± 5%) RH and 16:8 
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L:D. Dead larvae were counted after 24 and 48 hours. Tubes containing adults were stood 
vertically under the same environmental conditions and the number of dead were counted 
after 24 hours. 
Larval and adult treatments were as those used for the egg assay, with an additional two 
treatments. An adjuvant control at a rate of 0.5% (the same proportion of adjuvant oil as 
found in a 1.1% solution of garlic oil and adjuvant mixture) and a 0.5% Sapecron® 
(recommended field application rate) treatment (equivalent to 0.25% chlorfenvinphos), 
both were made up in distilled water freshly for each assay and mixed vigorously before 
each use. Sapecron® was used instead of chlorfenvinphos as the product is identical to that 
used in the field, whereas the chlorfenvinphos used in earlier experiments was supplied as 
an analytical grade pure product, without the emulsifiers present in Sapecron®. The 
adjuvant control was included, as the effect of the adjuvant on the larvae and adults of the 
flies had yet to be established. In the adult D. radicum an exploratory trial revealed very 
high mortalities (approximately 90%) at a garlic concentration of 1% and a large difference 
between the 0.5% and 1% treatments; consequently 0.2, 0.4, 0.6, and 0.8% garlic 
concentrations were used to allow more accurate detennination of the LC5o value which 
appeared to lie between 0.5 and I%; thus minimising error from interpolation. 
4. 2. 4 Statistical Analysis 
Percentage mortality data were transformed (Arcsine (-../ Score value I l 00)) in order to 
normalise the data (Sokal & Rohlf 1981 ). To discriminate between treatments one-way 
ANOVA was used and homogeneity of variances determined using Levene's test; 
normality of the residuals was tested using a one-sample Kolmogorov-Smirnov test. 
Where data did not have equal variances between treatments or had non-normal residuals 
the non-parametric Kruskal-Wallis test was applied to confirm differences between the 
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median values for each treatment (Dytham 1999). Where both the results of the Kruskal-
Wallis test and the ANOVA agreed, the ANOVA results were cautiously accepted and 
differences between the treatment means assessed using Tukey's pair-wise comparison 
when variances were equal and Dunnett's T3 test when they were not (Sokal & Rohlf 
1981 ). Concentration effects of the garlic treatments were determined using a linear 
contrast test in conjunction with the ANOV A, excluding non-garlic treatments where 
necessary. 
LC50 values were calculated usmg 'Probit Program Version 1.5' produced by the U.S 
Environmental Protection Agency according to calculations outlined in Finney {1964). 
Percentage mortality for each garlic concentration is calculated then adjusted for the 
controls using Abbott's formula: 
x-y Percentage Mortality = -- x I 00 
X 
Where: x = Survivorship of Control Treatment(%) 
y = Survivorship of treatment Group(%) 
Once calculated the values were converted to probits using probit tables (Finney 1964) and 
the probits plotted on they-axis against Log I 0 transformed concentration on the x-axis. A 
straight line was then fitted and the equation calculated using regression analysis. From 
this equation the dose value was calculated for a probit value of S (equivalent to SO% 
mortality). Taking the inverse log (W') of this figure gives the equivalent dose rate in 
percent. The fit of the probit points to the line was assessed using a chi-squared test, with 
expected pro bit values calculated for each log I 0 dose from the equation of the regression 
line. 
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Where the EPA software package could not calculate an LC50 value the regression line was 
determined for the percentage mortality data corrected for controls using Abbott's formula. 
The LC50 value was calculated from the equation of this line (Finney 1964). 
4.2.5 Results 
4.2.6Eggs 
Delia radicum 
ANOV A revealed a significant difference between the treatments (F = 192.57, df = 6, p < 
0.001, table 4.3), and a significant positive relationship between garlic oil mixture 
concentration and egg mortality (Linear contrast, F = I 011.88, df = I, p < 0.001, table 4.3 
and figure 4.3). Variances were not equal (Levene's testp < 0.001) and the residuals were 
non-normal (Kolmogorov-Smirnov test, p < 0.01). Kruskal-Wallis tests revealed 
significant differences between the medians of the treatments (H = 177.52, df = 6, p , 
0.001) so the ANOVA result was accepted with caution. Dunnett's T3 pair-wise 
comparisons showed all mean egg mortalities of the garlic treatments to be significantly 
different to the control group, with the 5% garlic mixture treatment mean mortality 
significantly greater than the organophosphorus mean mortality (p < 0.05, figure 4.3). 
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D. radicum Sums of df Mean F Sig. 
Source S uares S uare 
Between Treatments (Combined) 37.69 6 6 .28 192.57 p < 0.001 
Linear Term Contrast 33.00 1 33.00 1011 .88 p < 0.001 
Within Treatments 6.62 203 0.033 
Total 44.30 209 
Table 4.3: ANOVA results for D. radicum egg exposure to increasing garlic oil concentration and 
control treatments. 
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Fig 4.3: Mean percentage mortality± SE (failure to hatch) of D. radicum after exposure to various 
concentrations of the garlic oil and adjuvant mixture for 7 days. Superscripts represent 
homogenous subsets which are significantly different to each other (p <0. 05, Dunnett's T3 pair-
wise comparison; calculated using transformed data). Absence of error bar indicates no error. * 
0. 5% Chlorfenvinphos organophosphorus. All treatments, N=30. 
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Musca domestica 
ANOV A revealed a significant difference between the treatments (F = 157.89, df = 6, p < 
0.001, table 4.4), and a significant positive relationship between garlic oil mixture 
concentration and egg mortality (Linear contrast, F = 883.12, df = I, p < 0.00 I, table 4.4 
and figure 4.4). Variances were not equal (Levene's testp < 0.001) and the residuals were 
non-normal (Kolmogorov-Smirnov test, p < 0.01). Kruskal-Wallis tests revealed 
significant differences between the medians of the treatments (H = 165.26, df = 6, p < 
0.00 I) so the ANOV A result was accepted with caution. Dunnett's T3 pair-wise 
comparisons showed all garlic treatments except 0.25% to be different to the control in 
housefly eggs (Figure 4.4), with the 5% treatment mean mortality significantly higher than 
the chlorfenvinphos treatment. 
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M. domestica Sums of df Mean F Si g. 
Source S uares S uare 
Between Treatments (Combined) 33.67 6 5.61 157.89 p < 0.001 
Linear Term Contrast 31.39 1 31.39 883.12 p < 0.001 
Within Treatments 7.22 203 0.035 
Total 40.89 209 
Table 4.4: ANOVA results for M. domestica egg exposure to increasing garlic oil concentration and 
control treatments. 
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Fig 4.4: Mean percentage mortality± SE (failure to hatch) of M. domestica eggs after exposure to 
various concentrations of the garlic oil and adjuvant mixture liquid for 7 days. Superscripts 
represent homogenous subsets which are significantly different to each other (p <0. 05, Dunnett's 
T3 pair-wise comparison; calculated using transformed data). Absence of error bar indicates no 
error. ~ 0. 5% Chlorfenvinphos organophosphorus. All treatments, N=30. 
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4. 2. 7 Lan,ae 
De/ia radicum 
One-way ANOV A on transformed mortalities after 24hr revealed a significant difference 
between the treatment means (F = 34.43, df= 7, p < 0.001, table 4.5) that was supported by 
a Kruskai-Wallis test of differences between the medians (H = 78.19, df= 7, p < 0.00 I), as 
the residuals from the AN OVA were non-normal (Kolmogorov-Smirnov test, p < 0.01) and 
variances non-homogenous (Levene's test, p < 0.01). Dunnett's T3 pair-wise comparison 
indicated a significant difference (p < 0.05) between the Sapecron® treatment mean 
mortality and all other treatment means. All other treatments mean mortalities were not 
significantly different to each other. A significant positive relationship was found between 
garlic concentration and mortality at both time points, indicated by a significant linear 
contrast (F = 102.89, df= I, p < 0.001 table 4.5 and figure 4.5). 
One-way ANOV A on transformed mortalities after 48hr revealed a significant difference 
between the treatment means (F = 49.22, df= 7, p < 0.00 I, table 4.6) that was supported by 
a Kruskai-Wallis test of differences between the medians (H = 89.87, df= 7, p < 0.00 I), as 
the residuals from the ANOVA were non-normal (Kolmogorov-Smirnov test, p < 0.01) and 
variances non-homogenous (Levene's test, p < 0.01). Dunnett's T3 pair-wise comparison 
indicated that only the 5% garlic and Sapecron® treatment means were significantly 
different from the control (p < 0.05, figure 4.6), having higher mortalities. All the 
treatments had higher mortalities after 48hr than those noted at 24 hr. 
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24 Hr Mortality Sums of df Mean F Sig. 
Source S uares S uare 
Between Treatments (Combined) 22.32 7 3.19 34.43 p < 0.001 
Linear Tenn Contrast 9.53 1 9.53 102.89 p < 0.001 
Within Treatments 14.08 152 0.09 
Total 36.39 159 
Table 4.5: ANOVA results for D. radicum larval exposure to increasing garlic mixture concentration 
and control treatments after 24hr. 
M. domestica Sums of df Mean F Sig. 
Source S uares S uare 
Between Treatments (Combined) 13.51 7 1.93 49.22 p < 0.001 
Linear Tenn Contrast 4.61 1 4.61 117.49 p < 0.001 
Within Treatments 5.96 152 0.04 
Total 19.47 159 
Table 4.6: ANOVA results for D. radicum larval exposure to increasing garlic mixture concentration 
and control treatments after 4Bhr. 
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Fig 4.5: Mean larval mortalities (%±SE) after 24 hr exposure to garlic oil and adjuvant mixture 
(Percentage concentration in water) for D. radicum larvae. * 0 = 0. 5% adjuvant oil in water, S = 
0.5% Sapecron® organophosphorus in water . . Superscripts represent homogenous subsets which 
are significantly different to each other (p < 0.05, Dunnetf's T3 pair-wise comparison, calculated 
using transformed data). All treatments, N=20. 
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Fig 4.6 Mean larval mortalities (% ± SE) after 48 hr exposure to garlic oil and adjuvant mixture 
(Percentage concentration in water) for D. radicum larvae. * 0 = 0.5% adjuvant oil in water, S = 
0. 5% Sapecron® organoplwspllorus in water . . Superscripts represent homogenous subsets which 
are significantly different to each other (p < 0.05, Dunnett's T3 pair-wise comparison, calculated 
using transformed data). All treatments, N=20. 
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Musca domestica 
One-way ANOV A on transformed mortalities after 24hr revealed a significant difference 
between the treatment means (F = 19.83, df= 7, p < 0.001, table 4. 7) that was supported by 
a Kruskal-Wallis test of differences between the medians (I-1 = 100.93, df= 7, p < 0.001), 
as the residuals from the ANOVA were non-normal (Kolmogorov-Smirnov test, p < 0.01) 
and variances non-homogenous (Levene's test, p < 0.0 I). Dun nett's T3 pair-wise 
comparisons on the 24 Hr data showed no significant differences between the control, 
adjuvant oil and the garlic treatments up to 5%. The 5% garlic treatment and Sapecron'*' 
treatment were significantly different (p < 0.05) to the control treatment mean but not to 
each other. A significant positive relationship was found between garlic concentration and 
mortality at both time points, indicated by significant linear contrast (F = 60.14, df= l, p < 
0.001 table 4.7 and figure 4.7). 
One-way ANOV A on transformed mortalities after 48hr revealed a significant ditference 
between the treatment means (F = 15.96, df= 7, p < 0.001, table 4.8) that was supported by 
a Kruskai-Wallis test of differences between the medians (I-I= 89.87, df= 7, p < 0.00 1), as 
the residuals from the ANOV A were non-normal (Kolmogorov-Smirnov test, p < 0.0 I) and 
variances non-homogenous (Levene's test, p < 0.01). Dunnett's T3 pair-wise comparisons 
on the 48hr data indicated that only the 5% garlic and Sapecron'*' treatment means were 
significantly different (p , 0.05) to the control, with the 2%, 5% and Sapecron'*' treatment 
means not significantly different (figure 4.8). A significant positive relationship was found 
between garlic concentration and mortality at both time points, indicated by significant 
linear contrast (F = 10.25, df= I, p < 0.00, table 4.8, and figure 4.8). 
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24 Hr Mortality Sums of df Mean F Si g. 
Source S uares S uare 
Between Treatments (Combined) 4.18 7 0.60 19.83 p < 0.001 
Linear Tenn Contrast 1.81 1 1.81 60.14 p < 0.001 
Within Treatments 4.58 152 0.03 
Total 8.76 159 
Table 4.7: ANOVA results for M. domestica larval exposure to increasing garlic mixture 
concentration and control treatments affer 24hr. 
M. domestica Sums of df Mean F Sig. 
Source S uares S uare 
Between Treatments (Combined) 17.07 7 2.44 15.96 p < 0.001 
Linear Tenn Contrast 9.40 1 1.57 10.25 p < 0.001 
Wrthin Treatments 7.67 151 7.67 50.18 
Total 40.15 158 
Table 4.8: ANOVA results for M. domestica larval exposure to increasing garlic mixture 
concentration and control treatments affer 4Bhr. 
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4.2.8 Adults 
Delia radicum 
One-way ANOV A indicated a significant difference between the treatment means (F = 
114.57, df = 9, p < 0.001, table 4.9) that was supported by a Kruskal-Wallis test of 
differences between the medians (H = 164.56, df = 9, p < 0.001 ), as the residuals from the 
ANOV A were non-normal (Kolmogorov-Smirnov test, p < 0.01) and variances 
heteroscedastic (Levene's test, p < 0.001). Dunnett's T3 pair-wise comparisons (Figure 
4.9) revealed a significant difference between the control and all the garlic treatment means 
except 0.2% with the 0.8% to 5% garlic mixture treatment means not significantly different 
to the Sapecron"" treatment, suggesting that at these levels the product was as effective as 
Sapecron"". No significant difference was found between adjuvant oil alone and the 
control. A significant relationship between the concentration of garlic oil and adjuvant mix 
was found on mortality (Linear contrast, F = 290.21, df= 1, p < 0.001, table 4.9), this is 
reflected by the overlapping of homogenous sub sets containing garlic treatments indicated 
in figure 4.9. 
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D. radicum Sums of df Mean F Sig . 
Source S uares S uare 
Between Treatments (Combined) 49.58 9 5.51 114.57 p < 0.001 
Linear Term Contrast 13.96 1 13.96 290.21 p < 0.001 
Within Treatments 9.14 190 0 .05 
Total 58.72 199 
Table 4.9: ANOVA results for D. radicum adult exposure to increasing garlic mixture concentration 
and control treatments after 24hr. 
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Fig 4.9: Mean adult mortalities (% ± SE) after 24 hr exposure to Garlic liquid (Percentage 
concentration in water) for D. radicum. * 0 = 0. 5% adjuvant oil in water, S = 0. 5% Sapecron® 
organophosphorus in water. Superscripts represent homogenous subsets which are significantly 
different to each other (p < 0. 05, Dunnett's T3 pair-wise comparison, calculated using transformed 
data). Absence of error bar indicates no error. All treatments, N=20. 
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Musca domestica 
One-way ANOV A revealed a significant difference between the treatment means (F = 
65.93, df= 7, p < 0.001) and a Kruskai-Wallis test showed a significant difference between 
the medians (H = 106.88, df= 7, p < 0.001, table 4.10). The residuals of the ANOVA 
were non-normal (Kolmogorov-Smirnov test, p < 0.001) and variances heteroscedastic 
(Levene's test, p < 0.00 1). Dunnett's T3 pair-wise comparisons (Figure 4.1 0) indicated 
significant differences between the control, 2 and 5% garlic treatments and Sapecron®. No 
significant difference was found between Sapecron® and 5% garlic oil and adjuvant 
mixture concentration. The lower strength garlic treatments (0.25, 0.5 and I%) were not 
significantly different to the controls and exhibited lower mortality rates that those found at 
equivalent rates in D. radicum adults. No difference was found between the adjuvant oil 
alone and control treatments. Linear contrast revealed a significant positive relationship 
between garlic oil mixture concentration and mortality (F = 222.53, df= I, p < 0.001, table 
4.10 and figure 4.10). 
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M. domestica Sums of df Mean F Si g. 
Source S uares S uare 
Between Treatments (Combined) 45.74 7 6 .54 65.93 p < 0.001 
Linear Term Contrast 22.06 1 22.06 222.53 p < 0.001 
Within Treatments 15.07 152 0.10 
Total 60.81 159 
Table 4.10: ANOVA results for M. domestica adult exposure to increasing garlic mixture 
concentration and control treatments after 24hr. 
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Fig 4.10: Mean adult mortalities (%±SE) after 24 hr exposure to Garlic liquid (Percentage 
concentration in water) for M. domestica. * 0 = 0. 5% adjuvant oil in water, S = 0. 5% Sapecron® 
organophosphorus in water. Superscripts represent homogenous subsets which are significantly 
different to each other (p < 0. 05, Dunnett's T3 pair-wise comparison, calculated using transformed 
data). Absence of error bar indicates no error. All treatments, N=20. 
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4.2.9 LC5o Determination 
Lethal concentrations required to kill SO% of the test sample are indicated in table 4.11 
below for both species and all life stages. An indication of the error (95% Confidence 
Interval) of the estimate is also included. An LCso value for D. radicum larvae after 24hr 
exposure could not be calculated using the EPA program. Calculating the value by hand 
from the regression equation of the plotted mortality data (figure 4. 11) gave a value of 
26.4% (p < 0.05, R2 = 83.62%). The LC50 value of the 48hr larvae was also checked using 
this method as only two data points were used in the calculation (figure 4. 12) because 
probits cannot be calculated for negative integers which are the result of Abbott's 
correction. The LC50 value calculated from the regression line of the data in figure 4.11 
was 6.78% (p < 0.05, R2 = 98.38%). This value is identical to that calculated from the 
probit value (6.78%, Table 4.11) and the probit value was accepted. The probit data from 
the housefly exposures was much more robust, with each data set having at least three 
probit points (figure 4.14) allowing a sound LCso to be calculated. 
Each of the life stages studied for both species showed clear mortality responses to the 
increasing garlic oil and adjuvant mixture concentration (figures 4.11, and 4.13). LCso 
values varied across both species and life stage (Table 4.11 ); in D. radicum the adults 
proved most susceptible having a lower LC50 value than both the eggs and larvae whilst for 
M domestica the egg life stage was most sensitive having the lowest LC50 value. 
Mean larval mortality in D. radicum for 5% garlic after 24hrs was not significantly 
different to that of the control group (refer to figure 4.5, section 4.2) whilst M. domestica 
showed a highly significant difference to the controls after 24hr with greater than 20% 
mortality (Figure 4.6, section 4.2). Continued exposure for 48hrs increased m011ality rates 
across treatment concentrations in both species, this is reflected by a decrease in LC,o 
values (6.8% and 4.5% in D. radicum and M. domestica respectively). 
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Species Life Stage Exposure Time LCso 95% Cl x'Calc 
Delia radicum Egg 7 day 0.803 0.535- 1.104 4.411 
2"d instar Larvae 24hr 26.4* •• •• 
2"d instar Larvae 48hr 6.778 5.535- 9.677 6.945 
Adult 24hr 0.400 0.171 - 0.557 1.012 
Musca domestica Egg 7day 1.614 0.882 - 2.440 1.828 
2nd instar Larvae 24hr 10.058 7.783-15.276 1.168 
2nd instar Larvae 48hr 4.451 3.841-5.366 1.936 
Adult 24hr 2.186 0.749- 3.532 0.503 
Table 4.11: LC50 Values; Percentage concentratton of garltc otl and adjuvant mtxture, for all M. 
domestica and D. radicum life stages calculated using probit analysis. All chi squared values non-
signmcant, indicating a good fit of the probit points to the plotted regression line. N. B. *; Value 
calculated by hand as data do not fit Probit model. ••; Values cannot be calculated. 
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Fig 4.11: Mortality plots for D. radicum after exposure to increasing garlic concentrations for each 
life stage; mean percentage mortality(± SE) corrected for controls using Abbott's fonnula. 
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Fig 4.12: Mortality plots for D. radicum after exposure to increasing garlic concentrations for each 
life stage; plot of probils for mortalities (± SE) against log concentration, data used to calculate LC50 
values. 
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Fig 4.13: Mortality plots for M domestica after exposure to increasing garlic concentrations for each 
life stage; mean percentage mortality (± SE) corrected for controls using Abbott's formula. 
7 
6 
~ 5 (ij 
t::: 
0 
~ 4 
-0 
-:c 3 0 
~ 
(L 
2 
-- Egg 7 Day Exposure 
-o- Larvae 24hr Exposure 
.----------------1 --v- Larvae 48hr Exposure 
-v- Adult 24hr Exposure 
0.25 0.5 2 5 
Log Garlic Concentration (%) 
Fig 4.14: Mortality plots for M. domestica after exposure to increasing garlic concentrations for 
each life stage; plot of probits for mortalities (± SE) against log concentration, data used to 
calculate LC50 values. 
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4.2.10 Discussio11 
These data indicate that the most effective life stage to target in the field would be the 
eggs, in order to prevent larval recruitment into the crop. This is in accordance with the 
findings of chapter 3, which examined the prill delivery system. These results suggest that 
an effective reduction in egg hatch in the field may be possible with reasonably low doses, 
between 0.5% and 2%. lt is likely that such usage rates would be viable economically for 
farmers (approximately £46 Ha-1 per application at the 0.5% application rate, compared to 
approximately £36 Ha-1 per application for Birlane®, M. Groom, pers. comm.). At the 
higher application rate of 5%, the performance of the garlic oil is generally comparable to 
that of the organophosphoms used in the same trials. 
Significant mortalities were observed in the adults and larvae on exposure to the garlic, and 
egg hatch rates were significantly reduced by garlic exposure. It is unlikely based on the 
prill results that the mode of action on the eggs is due to vapour as no mortality was noted 
when eggs were exposed to prill vapours (see section 3.1.1, chapter 3). The reduction in 
hatch rate of the eggs may therefore be due to contact with the garlic mixture, preventing 
the larvae from either developing within the egg or being able to hatch from the egg. 
Garlic compounds may toughen the stmcture of the egg so that the larvae cannot hatch, or 
alter the permeability of the egg so that the exchange of respiratory gases is impaired. 
Larvae were observed alive in the eggs during the seven day exposure but failed to hatch, 
an observation corroborated by Jarial (200 l) when mosquito eggs were exposed to garlic 
extracts. These observations are consistent with the those of prill exposed eggs; it is to be 
expected that the eggs should respond in such a similar fashion as the garlic oil absorbed 
onto the prills is identical to the garlic oil used in this chapter. This shows that the mode of 
action of the garlic oil is unaffected by incorporation into the pellets or with the adjuvant 
oil; both application systems elicit similar effects in exposed eggs. 
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Calculation of the LC50 values for each life-stage indicated that the most susceptible life 
stages were the eggs and adults in both species, with little difference between the LC5o 
values for each stage. The efficacy of the garlic oil however, varies across the life stages 
with larvae being least susceptible in both species (24hr exposure LCso values of 26% and 
lO% concentrations of the garlic mixture, in D. radicum and M. domestica respectively). 
Bhatnagar-Thomas and Pal (1974) presented data that support this; they showed that 
housefly larvae were less susceptible to garlic vapour than adults were. As shown in table 
4.11, eggs from both species have LC50 values between 1% and 2%, a 50% reduction in 
hatch rate in the field would be sufficient to minimise crop damage as first instar larval 
mortality in the field is high (up to 63%, Abu Yaman (1960)). Therefore, the approximate 
application rate for the field trial will probably be within this range. Although the adults of 
both species exhibit similar LCso values to the eggs, logistically they are much harder to 
target in the crop, as they are highly mobile. It would therefore be most cost effective for 
the farmer to target the eggs, as they require relatively low application rates of the product 
to be effective, are immobile, and therefore easy to spray. The performance of the liquid in 
the field is investigated in section 4.4. 
Why the life stages exhibit different tolerances is not clear; crudely speaking there are two 
main mechanisms involved in conferring resistance to insecticides: avoidance of the 
pesticide by preventing absorption across the integument, and physiological detoxication. 
Previous authors have already demonstrated that preventing the pesticide from entering the 
individual can confer resistance to a population, as many insecticides are transported into 
the insect directly across the cuticle (Piapp & Hoyer 1968; Gardiner & Plapp 1997; Kanga 
et al. 1997). It may be the case that the eggs and adults are simply less able to avoid 
uptake of the garlic compounds than the larvae and are consequently less tolerant. 
Ecologically speaking this would be expected as the fly eggs are laid in a relatively benign 
environments (e.g. soil) where the main problems affecting m011ality are those of 
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desiccation and predation (Coaker & Finch 1971; Neveu et al. 1997) rather than exposure 
to toxins. The eggs are adapted to resist desiccation (Neveu et al. 1997) and the female fly 
takes great care to lay them in moist substrates (Coaker & Finch 1971; Oldroyd 1984), thus 
providing an environment with high relative humidities. Adults are also capable of 
avoiding toxins simply by being mobile, and moving off potentially toxic substrates. The 
larvae however are exposed to toxins as they inhabit vegetable material, rich in plant 
secondary metabolites (the larvae of D. radicum for example, are exposed to the 
isothiocyanates noted for their toxicity towards insects (Wadleigh & Yu 1988)). It is 
therefore possible that the cuticle of the larvae is better at resisting ingress of potential 
toxins than that of the eggs or adults, and that this confers greater tolerance to the garlic 
compounds by preventing their concentration reaching levels toxic to the individual. This 
is supported by the fact that percentage larval mortality increases with exposure time to the 
garlic oil and adjuvant mixture; suggesting that the dose of garlic compounds within the 
larvae increases over time as a result of gradual ingress of the compounds. 
If the garlic oil does have a physiological effect on the insect, it is possible that variability 
between the life stages' ability to deal with potentially toxic plant chemicals and toxins 
would in turn affect the mortality rate of the life stage when exposed to the garlic. Kanga 
et al. (1997) demonstrated that adult oriental fruit moth, Grapholita mob·ta (Busck) were 
less resistant to organophosphorus and carbamate insecticides than their larvae, indicated 
by changes in esterase activity after exposure. Similar mechanisms may account for the 
difference in susceptibility between the life-stages of the species studied here. 
Larvae may be better adapted physiologically to deal with plant chemicals, as their primary 
food sources are decaying vegetation or dung in M domestica (Pont 1973) and brassicas in 
D. radicum (Coaker & Finch 1971 ). This life-style would expose the larvae to a number of 
plant toxins that may dissuade herbivory, eliciting the development of a physiological 
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system to deal with them (Speight et al. 1999). It is theoretically possible therefore that D. 
radicum would be more susceptible to the garlic oil than M domestica as it is adapted to 
feed on brassicas, and therefore to detoxify the secondary metabolites of those plants, such 
as the isothiocyanates 
This specialisation in dealing with a restricted number of plant toxins may have reduced 
the ability of D. radicum to detoxifY xenobiotics from other plants. Rodriguez-Saona et a! 
(2000) demonstrated that larvae of Spodoptera exigua (Huhner) a herbivore that does not 
feed on avocado, preferred control diets to those treated to sub-lethal levels of avocado 
idioblast cells. In no choice tests larval mortality increased and survivors exhibited 
abnormalities in growth rates when fed avocado treated diets, indicating the inability of the 
species to deal with novel plant compounds. Comparison of the LC5o values for the larvae 
of D. radicum and M domestica however, does not seem to support this hypothesis as the 
LC50 value for D. radicum larvae is twice that for M dumestica. This suggests that the 
opposite may be true, and that the ability to detoxify, or tolerate the brassica 
allelochemicals may enable the larvae to deal with the compounds in the garlic oil. 
Evidence of possible mechanisms by which this may occur can be identified in the 
literature, for example, the glutathione S-transferase family of enzymes have been 
demonstrated to detoxify the isothiocyanates and other allelochemicals specific to the 
brassica plants (Yu 1984; Wadleigh & Yu 1988; Yu 1992b). These enzymes have also 
been shown to be induced by garlic compounds in mites and are suggested to be involved 
in their detoxication (Capu et al. 1991 ). 
Other enzyme systems such as the monooxygenases (e.g. cytochrome-P450) have been 
I inked to the detoxification of the pyrethroid and the furanocoumarin groups of plant 
toxins, with both M. domestica and various Lepidoptera species expressing the cytochrome 
P450 isozymes capable of metabolising these compounds (Scott et al. 1998) These 
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systems may well be at play in the detoxication of the garlic compounds found in the garlic 
and adjuvant mixture. The exposure of larvae to plant chemicals may well have led to the 
development of an effective and efficient physiological means of dealing with plant 
chemicals (garlic compounds included), a possible consequence of eo-evolution between 
the plant and insect herbivore (Ehrlich & Raven 1964). 
Such systems have been noted across the insect orders; feeding cabbage to larvae of the 
fall armyworm has been shown to induce glutathione S-transferase, a protective enzyme 
involved in detoxification of xenobiotics (Yu 1984). Capu et a/ (1991) showed that 
glutathione s-transferase was strongly induced after feeding garlic to the mite, 
Rhizoglyphus rohini. Larvae of the flies studied here may well have a similar better-
developed enzymatic response to the garlic than the other life stages; consequently, a 
longer exposure period is required before an effect is observed. The ability of larvae of 
both species to deal with toxins is supported by the relatively low mortalities when 
exposed to the organophosphorus compound, suggesting detoxication or restriction of its 
mgress. Various authors have reported induction of the esterases and glutathione S-
transferases and have shown as resistance 111 the esterases to organophosphates; these 
enzymes are all known to confer organophosphate resistance (Wilson & Clark 1996; 
Papadopoulos et al. 1999; Barros et al. 200 I). 
How the garlic actually causes mortality is unclear, although vanous authors have 
implicated enzyme inhibition by the compounds in the garlic oil as a potential mode of 
action. Acetylcholinesterase is one enzyme that has been shown to be inhibited by garlic 
and its related compounds, causing invertebrate mortality (Bhatnagar-Thomas & Pal 
1974b; Singh & Singh 1996). If mortality is caused by acetylcholinesterase inhibition, 
then tolerance to the garlic oils, leading to variation between the life-stages, is possible in a 
number of ways. Bhatnagar-Thomas and Pal (1974b) suggest that the efficacy is affected 
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by the penetration of the garlic compounds into the insect, the insects ability to metabolise 
the compound (discussed above), and the susceptibility of the enzyme target itself. 
Bhatnagar-Thomas and Pal used a synthetic garlic oil comprising of diallyl disulfide and 
diallyl trisulfide, two compounds identified in the garlic oil supplied (see chapter I, section 
1.3.4). It is therefore reasonable to hypothesise that the garlic oil used in this study may 
also inhibit acetylcholinesterase causing mortality in the exposed individuals. 
As noted above the esterase family of enzymes have been demonstrated to be involved in 
insecticide resistance (Sakata & Miyata 1994b; Karoly et al. 1996; Yuan & Chambers 
1998; Guerrero et al. 1999; Riley et al. 1999), one such class of enzyme, carboxyl esterase, 
is known to confer resistance to organophosphorus and other 'anticholinesterase' 
insecticides (Sakata & Miyata 1994a; Whyard et al. 1994a; Whyard et al. 1994b; Whyard 
et al. 1995; Suzuki & Hama 1998; Riley et al. 1999). lf the garlic oil does inhibit 
acetylcholinesterase then it too has anticholinesterase activity and may therefore be 
detoxified by the carboxylesterase group. Variation in the activity of these enzymes 
between the life-stages may well account for the variation in susceptibility of the life stages 
to the garlic oil 
In summary, garlic does have a toxic effect on the species studied here, as the exposure of 
individuals to the garlic oil caused mortality in a dose dependent fashion. The magnitude 
of this effect was dependent on the life stage considered, and the two species responded in 
a comparable fashion showing similar LC50 values across the life stages with the egg and 
adult stages most susceptible to garlic oil exposure. 
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4.3 Comparison with other garlic based products 
The garlic based invertebrate control products Garlic Barrier Ag® (registered for use with 
the U.S. Environmental Protection Agency) and ExorsectTM are currently available 
commercially for use on various crops to control various pests, including Dipteran species. 
Exorsect™ in particular is marketed for the control of M. domestica in farm buildings such 
as milking parlours. The two products both use garlic oils and give an indication of the 
level of control necessary to achieve product registration. The garlic oil and adjuvant 
mixture provided by ECOspray® will need to perform at least as well as these products if it 
is to be considered as a competitor. 
The efficacy of the products against the eggs of D. radicum and M. domestica was studied, 
as this life stage was identified as being particularly susceptible to the garlic oil and 
adjuvant mixture used in section 4.2. This should also increase the chance of the other two 
products having a noticeable effect on the fly eggs. 
4.3.1 Metllod 
The method used was as described in 3.2.2 with 30 replicate Petri dishes for each product 
for both species. Products were used at their recommended field rates and freshly made up 
in distilled water prior to use. Pure chlorfenvinphos was obtained from Sigma-Aidrich and 
a 0.5% solution prepared. This solution approximates a l% solution of Birlane® which 
contains 50% chlorfenvinphos v/v along side a water control. I ml of each solution was 
applied to the filter papers of the test dishes. Concentrations used were: (P.T.O.) 
!55 
Control 100% distilled water 
Garlic oil and adjuvant mixture I% (0.55% garlic oil) 
Garlic Barrier Ag® I% (0.993% garlic oil) 
Exorsect® 2.5% 
Chlorfenvi nphos 0.5% 
4. 3. 2 Statistical analysis 
Percentage mortality data were subjected to arcsine square root transformation (Arcsine (-1 
% mortality/lOO)) to normalise them (Sokal & Rohlf 198I). One-way ANOVA was 
conducted on transformed data to determine significant differences between the treatment 
means. Homoscedasticity of the variances was determined using Levene's test and the 
residuals checked for normality using the Kolmogorov-Smirnov test (Sokal & Rohlf I98I) 
Where treatment variances data were found to be heteroscedastic or the analysis had non-
normal residuals a Kruskai-Wallis test was pe1formed to confirm the ANOVA result 
(Dytham 1999). If the Kruskal-Wallis test result agreed with that of the ANOVA, the 
ANOVA result was accepted and post hoc analysis conducted using Dunnett's TJ pair-
wise comparison on heteroscedastic data and Tukey's pair-wise comparison on 
homoscedastic data (Sokal & Rohlf 1981). Where the ANOVA and Kruskai-Wallis tests 
disagreed the Kruskai-Wallis test result was used and differences between treatments 
determined by inspection of the rank orders and mean plots. 
4.3.3 Results 
Delia radicum 
One-way ANOVA indicated a significant difference between the treatment means (F = 
210.29, df = 4, p < 0.01, table 4.9) that was supported by a Kruskal-Wallis test of 
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differences between the medians (H = 122.33, df= 4, p < 0.001), as the residuals from the 
ANOV A were non-normal (Kolmogorov-Smirnov test, p < 0.05) and variances 
heteroscedastic (Levene's test, p < 0.001). Dunnett's T3 pair-wise comparisons indicated 
significant differences (p < 0.05) between the garlic oil mixture, chlorfenvinphos and 
Exorsect™ treatment means when compared to the control (figure 4.15). The garlic oil 
and adjuvant mixture treatment mean was significantly greater (p < 0.05) than that of the 
Exorsect™, but lower than the chlorfenvinphos treatment mean. 
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D radicum 
Source 
Between Treatments 
Within Treatments 
Total 
Sums of 
S uares 
26.26 
4.53 
30.78 
df Mean F Si g. 
S uare 
4 6 .56 210.29 p < 0.001 
145 0.03 
149 
Table 4.12: ANOVA results for D. radicum egg exposure to various pesticide treatments 
£ 
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Fig 4.15: D. radicum egg mortalities (Mean percentage hatch failure ± SE) after 7 day exposure to 
various garlic based pesticides and an organophosphorus compound (Percentage concentration in 
water). N =30. Superscripts represent homogenous subsets that are significantly different to each 
other (p < 0.05, Dunnett's T3 pair-wise comparison, calculated using transformed data). 
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Musca domestica 
One-way ANOVA indicated a significant difference between the treatment means (F = 
706.50, df = 4, p < 0.01, table 4.13) that was supported by a Kruskal-Wallis test of 
differences between the medians (H = I I 7. 87, df = 4, p < 0.00 I), as the residuals from the 
ANOVA were non-normal (Kolmogorov-Smirnov test, p < 0.05) and variances 
heteroscedastic (Levene's test, p < O.OOI). Dunnett's T3 pair-wise comparisons indicated 
significant differences between the garlic oil mixture and chlorfenvinphos treatments when 
compared to the control (figure 4. I 5). No significant difference was found between any 
other garlic based treatment mean and the control. 
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Mdomestica 
Source 
Between Treatments 
Within Treatments 
Total 
Sums of 
S uares 
32.96 
1.69 
34.65 
df Mean F Sig. 
S uare 
4 8.24 706.50 p < 0.001 
145 0.01 
149 
Table 4.13: ANOVA results for M. domestica egg exposure to various pesticide treatments. 
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Fig 4.16: M. domestica egg mortalities (Mean Percentage hatch failure± SE) after 7 day exposure 
to various garlic based pesticides and an organophosphorus compound (Percentage concentration 
in water). N =30. Superscripts represent homogenous subsets that are significantly different to 
each other (p < 0. 05, Dunnett's T3 pair-wise comparison, calculated using transformed data). 
Absence of error bar indicates no error. 
. ·.: . 
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4.3.4 Discussion 
Significantly greater mortalities of both M. domestica and D. radicum eggs were recorded 
using the garlic oil provided by ECOspray® when compared to the control treatments. The 
garlic oil however, was not as effective as the chlorfenvinphos treatment in either species, 
supporting the results of previous sections of this chapter. The remaining two garlic based 
pesticides showed no significant difference in egg mortality when compared to controls. It 
is not possible to conclude that they are not effective as pesticides however, as they are 
prescribed for use against adult flies and not eggs. Neither product indicates toxicity as a 
mode of action; the product literature in fact indicates that they work as repellents. Garlic 
Barrier® is toxic to larvae of the biting midge, Culicoides impunctatus, however (Biackwell 
& Groom 1999), and therefore some effect of the product on egg hatch was expected. 
Groom also noted that Garlic Barrier® was extremely variable in efficacy between batches 
(pers. comm.); the poor performance of the product in these toxicity trials may be a 
reflection of this variability. 
The garlic oil provided by ECOspray® is a step forward in the development of garlic based 
pesticides. Variability between batches is minimised due to the strict manufacturing 
processes that are applied to it. The data within this thesis so far indicate a toxic effect on 
various life stages of the insects studied. 
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4.4 Field Trial 
A fully replicated field trial was undertaken to assess the efficacy of the 1.2: I garlic to 
adjuvant oil liquid formulation against D. radicum in swede crops. Six separate fields 
were used in the trial, to maximise the chance of using a field that is in an area with large 
cabbage root fly populations, and to determine spatial effects on the performance of the 
garlic oil and adjuvant mixture. The fields chosen were known to have large populations 
of D. radicum historically, again maximising the chance of pest threat. In order to quantify 
the level of cabbage root fly threat to the crop, assessments of egg numbers were taken 
weekly throughout the trial. The assessment of egg numbers is used by the farm 
agronomists at KS. Coles and sons in Wellington (Somerset) with whom the field study 
was conducted; sampling for eggs has been shown to provide an effective method of 
predicting when cabbage root fly damage is likely to affect the value of the crop (Finch & 
Collier 2000). Currently at K.S. Coles, insecticidal applications are made when an average 
of one egg per plant is recorded. The level of pest pressure surrounding the crop is 
assessed using this system in conjunction with trapping adults with baited traps containing 
volatiles of ethyl-isothiocyanate to attract female D. radicum. This allows application of 
the insecticide at the time of greatest threat. In this way the cost of insecticide use and 
application logistics are reduced (Mumford & Norton 1984), and the impact on beneficial 
organisms is minimised (Hewson & Sagenmuller 2000). 
By monitoring egg numbers in the field trial, the level of pest threat to the swede crop can 
be ascertained; comparing the level of damage in the swede of treated plots with the egg 
counts allows any relationship between egg numbers and damage to be determined. This 
further ensures that where there is no damage in the swede, the level of damage can be 
attributed to the control of D. radicum by the treatment, rather than a lack of D. radicum 
numbers. 
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As the garlic product had not been used to treat swede before, it was also important to 
determine if the product had an effect on the health of the plant (refer to the introduction 
of chapter 3 for rationale). ln order to assess the impact of the garlic oil and adjuvant 
mixture, the circumference of the sampled swede plant roots was recorded. 
4.4.1 Method 
Experimental plots were located in the corner of six individual fields with hedgerow 
(Devon bank) on two sides of each plot; the six fields were on average lOkm apart. Plot 
locations, grid references (1:50,000 scale) and field codes were: 
Thorne St Margaret (field I) ST 103,202 
North Newton (field 2) ST 297,304 
East Combe (field 3) ST 166,311 
Ford Street (field 4) ST 164,168 
East Combe (field 5) ST 166,316 
Preston Bowyer (field 6) ST 138,267 
The experimental plots were drilled (seed planted) with the whole field as per standard 
farming practices; seeds were sown at 1 5cm intervals at a depth of 5cm. A two bed wide 
buffer zone at the edge of each experimental plot and a 4m strip across the top of the trial 
plot was established to prevent over-spray of the trial plot with organophosphorus pesticide 
with which the main crop was treated. The six fields were split into two groups. Three 
fields were planted early in the season (late April) and covered in fleece (Enviromesh™), a 
barrier method to prevent insect damage, which was removed prior to the start of the field 
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trial in mid June. The remaining three fields were drilled in late July I early August and no 
fleece was applied. 
Each plot had four treatments, one treatment per bed of swede, approximately 2m (±Scm) 
wide and I Om long, each bed comprising four rows of swede. The liquid garlic and 
adjuvant oil mixture (1.2:1 garlic to adjuvant) was diluted with tap water and mixed 
vigorously on site, at the concentrations indicated below: 
Control Water 
Low (GL) 0.5% Garlic solution 
High (GH) 2% Garlic solution 
Adjuvant oil control 0.25% Oil solution 
Three applications of each treatment were made at an approximate rate of I 0001 Ha· 1 
(suggested usage rate; M. Groom, pers. comm.) using a 51 hand held pressurised sprayer. 
In the fleeced fields, treatments were made on the 19111 June, 2"d of July and the I i 11 July. 
Two of the non-fleeced fields were treated on the 24111 July and the 151 of August, with the 
final field being treated on the 71h, 14111 and 21 51 of August. Treatment dates varied because 
not all six fields were available at the start of the field trial. The two garlic treatments (GL, 
and GH, 0.5% Garlic and 2% Garlic respectively) were separated to reduce potential 
reinforcement of vapour effects across beds, figure 4.17 shows the layout of the treatments. 
The remaining field crop was treated by the farmer with the organophosphorus pesticide 
Birlane ® (active ingredient; chlorfenvinphos). Three applications of Birlane ® were made 
by the farmer using an air assisted top-down sprayer according to packaging instructions (3 
I in 10001 of water Ha·1 equivalent to 0.3% solution strength). 
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Fig 4.17: Treatment layout for liquid field trial: Control; Water only. Oil; 0.25% adjuvant oil in 
water. GL; 0.5% Garlic oil mixture in water. GH; 2% Garlic oil mixture in water. Birlane@ (0.3% 
solution in water) samples were taken from the main field crop surrounding the plot. Treatments 
were applied at two week intervals. 
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4. 4. 2 Sampling protocol 
Three samples were taken from the field plot at 14, 28 and 42 days after final application 
of the treatments. The final samples were taken just prior to harvest on the 29u' August in 
the early-planted swede fields, and the 17u' October for the late planted swede fields. For 
each sample, thirty swede plants were pulled at random from the centre two rows of each 
treatment bed and taken back to the lab for assessment. Swedes that were adjacent to gaps 
created by previous sampling were not removed, and another chosen at random, in order to 
avoid any potential effects of the gap on swede selection by the flies or on the performance 
of the treatments. 
Damage to the swede roots was assessed using a 0-9 score where: 0 = < I 0%; I = I 0-19%; 
2 = 20-29% ... 9 = >90% damage. Percentage damage was assessed by estimating the total 
amount of swede root surface that had been 'mined' by D. radicum larvae, as described in 
section 3.4.1, chapter 3. The circumference of each root at its widest point was also 
recorded, using a flexible fabric tape measure. 
In order to assess 'pest threat' in each of the fields, soil samples were taken from around 
the base of 20 random swede plants from the control treatments in the experimental plot at 
weekly intervals until the application of the final liquid treatments. The top 2-Smm layer 
of the soil was collected in a Scm strip around the base of the plant as described by Coaker 
and Finch (1971 ). The samples were taken back to the lab and decanted into a beaker of 
water in order to float off any cabbage root fly eggs present. The number of eggs found 
was recorded and used as an indication of 'threat' to the crop by cabbage root fly. 
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4. 4. 3 Statistical analysis 
All categorical damage score data were arcsine square root transformed (Arcsine (..J Score 
value I 1 0)), (Sokal & Rohl f 1981 ). Homoscedasticity of the treatment variances was 
checked using Levene's test and the normality of the residuals produced by the analysis 
tested using a Kolmogorov-Smirnov test (Sokal & Rohlf 1981 ). 
A full factorial general linear model (GLM}, with type III Sums of squares was used to 
determine significant differences between the mean damage score for each treatment. 
General linear modelling was used in order to account for variation in the data attributable 
to fleece and field effects and their interactions on the treatments, a result of having a 
nested experimental design. Fields were considered as random factors nested within fleece 
condition (fleeced or non-fleeced), treatment and fleece were fixed factors and time was 
specified as a covariate. The same model was used to assess the impact of the treatments 
on the growth of the swede indicated by root circumference. The final design was: 
Damage = treatment, fleece, field (within fleece), with time. No post hoc, pair-wise 
compansons could be calculated due to there being a covariate m the GLM model, 
consequently, 95% confidence intervals (Cl) were used in the means plots to allow more 
accurate discrimination between the treatments by eye. 
4.4.4 Results 
4.4.5 Cabbage root.fly threat 
Egg numbers were variable between fields with mean egg counts for fields one to three 
showing a steady increase in egg numbers through the field trial peaking just after the final 
application around the 301h of July. A maximum record of approximately six eggs per 
plant was recorded in field 3 (figure 4.18). For fields four and five there was a steady 
decline in egg numbers toward the final application. Greatest egg numbers were found 
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around thei7°'' ofAugusti~Figure 4'.19}. These data: show a' peak of, cabbage root :fly aCtivity 
llrotmd ,ihe end :of July :and I August and are most likely the second I generation of roof :fly in 
the field season :(Coaker & Finch; i 97,J:f '0veral(, ·egg counts Were fea~onably .coiisistelit 
throughout theitime;ofthdleldi tfial ~Figure 4'.20)" with the, indication! of' a' slight decline in 
il•.Imbers ,toWards tliei(!Jldi of.theiiJI!rio~, 
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Fig 4.18: Mean number of D. radicum eggs (± SE) collected from the base of 20 swede plants at 
weekly intervals for the ffeeced fields 1-3. 
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Fig 4.19: Mean number of D. radicum eggs(± SE) collected from the base of 20 swede plants at 
weekly intervals for the non-neeced fields 4-6. Date points are different for field 6 as the field was 
drilled later in the season, therefore treatment applications and egg counts started later. 
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Fig 4.20: Mean number of D. radicum eggs (± SE) collected from the base of 20 swede plants at 
weekly intervals from all fields. 
172 
4. 4. 6 Cabbage root fly damage 
Levene's test indicated homoscedastic variances of the treatment mean sores, however the 
Kolmogorov-Smirnov test indicated that the residuals were significantly non-normal (p < 
0.05). Plotting the probabilities of the residuals (figure 4.21) from the analysis revealed 
little deviation from normal, with non-normality in statistical terms, more or less a function 
of sample size. Therefore, the analysis proceeded with caution. 
The results of the general linear model are shown in table 4.14; fleece state had no 
significant effect on the damage scores recorded from the three swede samples taken (p > 
0.05, df = I, F = 0.25), and no significant interaction between treatment and fleece was 
recorded (p > 0.05, df = I, F = 0.046). Time was a significant covariate of damage score 
(p < 0.001, df= I, F = 331.27); plotting the mean damage score for all fields against time 
showed a corresponding increase in damage score with time (figure 4.22). Mean damage 
scores varied significantly between fields (p < 0.001, df= 4, F = 427.17) as indicated in 
figure 4.23. Treatment did have a significant effect on the damage scores recorded (p < 
0.001, df= 4, F = 7.21), and the mean scores of all the samples from each of the fields is 
displayed in figure 4.24. The 95% confidence intervals (Cl) of the control, 0.25% oil and 
0.5% garlic treatments overlap suggesting that there is no significant difference between 
them. The 95% Cls of the 2% garlic and Birlane® treatments do not overlap with the 
control group suggesting a significant difference between them; the two treatments are not 
likely to be significantly different from each other as the two values are identical (Mean 
damage score= 1.22). 
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Fig 4.21: Probability plot for residua/s produced by genera/linear model for field trial analysis 
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Source Type Ill df Mean F Sig. 
Sums of square 
s uares 
Time Hypothesis 11.98 1 11.98 331.27 p < 0.001 
Error 97.12 2685 0.036" 
Fleece Hypothesis 3.80 1 3.80 0.25 p > 0.05 
Error 61.81 4 15.45b 
Field(Fieece) Hypothesis 61.81 4 15.45 427.17 p < 0.001 
Error 97.12 2685 0.036" 
Treatment Hypothesis 1.04 4 0.261 7.21 p < 0.001 
Error 97.12 2685 0.036" 
Fleece by Treatment Hypothesis 0.186 4 0.046 1.28 p > 0.05 
Error 97.12 2685 0.036" 
Error terms: a; MS(Error). b; MS(Field(Fieece)) 
Table 4.14: General Linear Model results determining significance of effect of treatment, field and 
neece factors as well as interactions thereof on arcsine square root transformed damage score 
data. 
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Fig 4.22: Mean damage score (± 95% Cl) for all six fields plotted against time 
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Fig 4.24: Mean damage score(± 95% C. I) from all samples (14, 2B,and 42 days after final 
application) and all individual fields. N. B. Oil; 0. 25% adjuvant oil in water. 
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4. 4. 7 Impact on Swede Growth 
Levene's test indicated heteroscedastic variances of the treatment mean scores (p < 0.0 I) 
and a Kolmogorov-Smirnov test indicated that the residuals were significantly different to 
normal (p < 0.05), although a probability plot of the residuals (figure 4.25) from the 
analysis revealed little deviation from normality and the analysis proceeded with caution. 
Whether the field was fleeced or not had no significant effect on the plant's root 
circumference (p > 0.05, df = I, F = 1.99, table 4.15). Time was a significant covariate of 
circumference (p < 0.001, df= I, F = 374.25, table 4.15) as indicated by figure 4.26. The 
mean root circumferences differed significantly across fields (p < 0.001, df = 4, F = 
160.63). Fields three to six show reasonably consistent size variations where as fields one 
and two are significantly smaller (figure 4.27). There was a significant interaction between 
the fleece and treatment factors, indicating that the ell'ects of the treatments were not 
consistent between the fleeced and non-fleeced fields. This is apparent in figure 4.28 
where all but the Birlane® treatments of the fleeced fields have mean root circumferences 
significantly lower than those found in the corresponding non-fleeced fields. Comparison 
of the treatment means in figure 4.29 reveals no significant difference between the 
treatments except Birlane®, in which plants had significantly larger root circumferences 
(indicated by non-overlapping 95% Cls). Much of this variation is likely due to the very 
large difference between the Birlane® mean circumference and the other treatments in the 
fleeced fields (figure 4.28). 
177 
.999 ' ·-- .. -- .....•. ~-.--- ------ ..... - ... -. -- .. ---- ... ------------.--.----- ------ f· 
.99 . ' - -- -· .. -- ------·.- ---- -· ---· -· .. -- ·- .. ------· ............ ----------- ---- .... ------------
. ' 
. . 
. ' 
.95 . ' .... -----. ·- --·- --------- ... ----------- ·----- ------------ ---- -----------·-- -------------
' ' 
' ' 
' ' >. 
.80 :!::: 
. ' 
' ' 
.... ------ .. --·- ------- ---· .......... ---- -·. ------- ------ --------------•-------- -------
' ' 
' ' :c 
.50 Ill ---. -- . --- . --- ~ - ---- -- ---. ---- ----- --- -- --- . -- -.. ----------. -- . ------ --- i . --. -. ---------
.c 
0 
.20 L-
c.. 
.05 
.01 
.001 
.... -----. -- .. ' . -------. -.. -. --. --- ----. •j• -- --- ----- ----- -- ---- -- ------~ ----. -- ----. ---
------------- -;--------- ------------- ----! ---- .......... ········--·--···r ·- ---·-··--··--
: -.... -- --· ---- ·-· .. -- -· ""1".- -- .. ---.-----------.----- .. 1 .......... -. ·--
·- --1---------- ·--- ···- ·· ---- ------r------- ··-- · · ----------------~-- -------------
-20 20 
Residual Value 
Average: 0.0001481 
stOev: 7.22115 
N:5400 
Kolrrvgorov.Srrirnov Norrrelity Tesl 
0+: 0.019 0-: 0.030 0 : 0.030 
Approxirrato P·Vaue < 0.01 
Fig 4.25: Probability plot for residua/s produced by genera/linear model for GLM analysis on 
swede circumference. 
Source Type Ill Sums df Mean square F Sig. 
or s uares 
Time Hypothesis 19581.34 1 19581.34 374.52 p < 0.001 
Error 281546.26 5385 52.288 
Fleece Hypothesis 16748.17 1 16748.17 1.99 p > 0.05 
Error 33592.80 4 8398.20b 
Field(Fieece) Hypothesis 33592.80 4 8398.20 160.63 p < 0.001 
Error 281546.26 5385 52.288 
Treatment Hypothesis 5346.07 4 900.02 17.21 p < 0.001 
Error 281546.26 5385 52.288 
Fleece by Hypothesis 5346.07 4 1336.52 25.56 p < 0.001 
Treatment 
Error 281546.26 5385 52.28" 
Error terms: a; MS(Error). b; MS(Field(Fieece)) 
Table 4.15: General Linear Model results determining significance of effect of treatment, field and 
fleece factors as well as interactions thereof on swede root circumference. 
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Fig 4.26: Mean root circumference (cm± 95% Cl) for swede roots from all six fields plotted 
against time. 
30 
....... 
E 
(.) 25 
......... 
(I) 
(.) 
c 
(I) 
._ 
~ 20 
E 
::J 
(.) 
._ 
(3 15 
-0 0 
IY 
(I) 
10 "0 
(I) 
3: 
(/) 
c 
ro 5 (I) 
~ 
0 
2 3 4 5 6 
Field Number 
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4.4.8 Discussion 
During normal crop monitoring and production one cabbage root fly egg per plant is 
considered sufficiently high to cause economic damage, warranting a pesticide application 
(P. Coles, pers. comm.). The egg counts from this field trial remained at generally high 
levels (approximately half an egg per plant minimum), with a peak toward the middle of 
the season (late July-early August, figure 3.13). Within the field trial plots, egg counts 
exceeded the threshold for pesticide application on a number of occasions indicating that 
the pest pressure was sufficient to cause eco.nomic damage. It was important that the pest 
pressure was at a sufficiently high level so that any absence of crop damage was due to 
control as opposed to lack of pest damage. The evidence presented here suggests that this 
is the case and that the damage scores recorded are consistent with the high pest threat, as 
indicated by egg counts. 
The mean damage scores increased with time, and were significantly different to each 
other (table 4.14). Why this should be the case is unclear as the increase in damage does 
not appear to be related to the pest pressure, as the trend for pest pressure declines as the 
trial progressed (mean egg counts, figure 4.20). It is likely that although there may have 
been a constant or declining pest pressure, the number of eggs laid around the swede is 
cumulative, with successive female flies laying extra batches of eggs. This would increase 
the number of larvae per root and hence damage, without an increase in observed pest 
pressure. 
Mean damage scores varied across fields, but did not relate directly to the numbers of eggs 
collected. For example, field 4 had very low damage(< 0.5, figure 4.23) but initially high 
egg counts (peaking to around 3 eggs, figure 4.19). What seems to have been more 
important to the damage score is to have consistently high egg counts; in fields 5 and 3 the 
damage scores are large (around 2.5, figure 4.23) and egg counts fluctuate around 0.5 and 
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1 egg, but there are eggs present in every sample taken. This is not the case in fields 4, 6 
and 1 which all have lower damage scores and numerous records of no eggs. Damage 
score variation, therefore, most likely relates to having a persistent population of flies in or 
near the crop, rather than sporadic bouts of oviposition. Statistical analysis using GLM 
with the egg counts (i.e. threat) included as a covariate in the model, supported this theory 
as the covariate term was not significant, indicating no relationship between threat and 
damage score. 
That fly threat varies between fields is to be expected, as it is unrealistic to assume that the 
populations of cabbage root fly will be equal in each of the six field sites. Indeed the 
number of fields used had been increased in light of the prill trial (Chapter 3) in order to 
maximise the chances of using a site where pest pressure was sufficiently high to record 
damage to the crop. The variation in pest pressure however is likely to be due to the time 
of the season rather than the field location, as the fleeced fields were planted early in the 
season and had full foliage before the fleece was removed. The swede under fleece, 
although not accessible to the flies, would have attracted a large fly population to the field. 
This being the case, greater numbers of eggs should be collected from the fleeced fields 
than the non-fleeced fields where egg counts began when the swede were seedlings, and 
hence would be less attractive to the flies due to the lower biomass in the field. This is not 
the case however as egg counts at the beginning of the trial in the non-fleeced fields are 
comparable to those of the fleeced fields. These data suggest that the cabbage root fly has 
a sensitive enough chemoreception system to allow detection of young and old crops, and 
is sufficiently mobile to move to freshly planted crops quickly, reflecting the findings of 
previous authors (Traynier 1967a; Hawkes 1974; Hawkes et al. 1978). 
The garlic treatments had little effect on the growth of the swedes sampled; swede root 
circumference was not significantly different to the control treatment means. The linear 
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model revealed a significant effect of time on growth (table 4.15), which corresponded to 
an increase in root circumference with increase in time (figure 4.26). This was to be 
expected as the plants were growing throughout the season. Differences were found 
between the fleeced treatments and non-fleeced treatments with root circumferences lower 
in those that were fleeced (figure 4.27). This is possibly due to the opaque fleece reducing 
the quality and I or quantity of light reaching the plants, and thus reducing photosynthetic 
rates and growth rate in the plant, or due to the different times in the year when the swede 
were planted. The fleeced swede were also drilled earlier in the season when the weather 
is colder, particularly at night (one reason for using fleece is that it protects early planted 
crops from frost, P. Coles, per comm.), these lower temperatures and less favourable 
weather conditions generally may well slow growth rates down in comparison to those 
planted later in the season (i.e. the non-fleeced fields). Garlic treatment however had no 
detrimental effect on the swedes sampled in this trial and is likely to be acceptable as an 
insecticide for this crop on such grounds. 
The Birlane® swede circumference data were slightly unusual when compared to the other 
treatments, as mean circumferences were consistent between groups of fields (fleeced or 
non-fleeced), whilst the other treatment circumference means were significantly lower in 
the fleeced fields than in the non-fleeced fields. Why this occurred is not clear, it may be 
that the experimental plot was in a site that was slightly less favourable for plant growth 
than the Birlane® samples in the fleeced fields although this is unlikely to have happened 
in all six fields! • 00 Care was taken to collect Btrlane · samples from as close to the 
experimental plots as possible to minimise spatial effects within the field. 
The garlic and adjuvant mixture did control cabbage root fly damage; mean damage scores 
were lower in garlic treated plots compared to the controls, with the damage mean score 
for the 2% concentration treatment indistinguishable to that of the Birlane® treatment. The 
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adjuvant oil damage scores were not significantly different to the control, reinforcing the 
laboratory study findings that the adjuvant has no significant insecticidal activity. That the 
2% garlic and adjuvant oil gives comparable protection against D. radicum as Birlane® 
suggests that the garlic product could be used as an effective alternative. Economically, 
however, it is not clear how the garlic will compare. Currently one litre of garlic and 
adjuvant oil mixture at the 1.2: I rate from ECOspray® costs approximately £9.25 (adjuvant 
is provided free of charge) compared to one litre ofBirlane® which costs £12. The total 
cost per hectare for single applications of the Birlane® and the garlic and adjuvant mixture 
at the two rates used in this trial, alongside the cost of applying Enviromesh™ are listed in 
table 4.16 below. The garlic mixture is much cheaper when compared to the 
Enviromesh™ product, although it is uncertain how effective D. radicum control is in 
comparison to Enviromesh™ as none was used in this trial. If control using the garlic 
mixture was inferior to that ofEnviromesh™, it may be that a small proportion of crop loss 
would be economically tolerable due to the large financial saving in using the garlic 
mixture instead ofEnviromesh™. 
Product 
Garlic and adjuvant mixture 
Garlic and adjuvant mixture 2.0% 
Birtane® 0.3% 
Enviromesh™ N.A. 
Table 4.16: Approximate cost for a single application of the pest control products used in the field 
trial. 
It may also be unacceptable to compare Enviromesh™ with the garlic liquid in this way as 
the Enviromesh™ is laid over the crop throughout the growing season. Cumulative costs 
incurred from repeated application of the garlic liquid may well equal the cost of the 
Enviromesh™ over a growing season. A more effective assessment of efficacy may be to 
determine the net value of the crop after harvest having been treated with the two systems. 
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The figures used here should therefore only be used as a rough estimate as further work is 
required in order to compare the two control systems. 
The garlic and oil adjuvant is more expensive than the Birlane<!O product even at the lower 
rate, yet comparable control is not achieved until the 2% garlic and adjuvant rate is used. 
In order for the farmer to have confidence that his crop is protected to the same level as 
with Birlane® then the 2% rate should be used, consequently increasing the cost of 
controlling D. radicum by more than 5 times. This will be a major problem to the farming 
community if they are expected to produce swede at the same price, with costs likely to 
increase should the adjuvant oil be charged for in the future. However, these figures are 
only rough and the garlic product is still in development. Improvements in efficacy may 
be achieved by manipulating the ratio of garlic constituents in the oil which could lead to a 
reduction in application rates, therefore lowering costs. 
The garlic and adjuvant mixture used in these field trials does control cabbage root fly 
damage in swede crops, with apparent minimal impact on the growth of the swede; 
whether the product will be economically viable however, remains to be seen. 
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4.5 General Discussion 
The garlic oil exhibits significant toxic effects in the cabbage root fly and the housefly, as 
well as being an effective control product against D. radicum in the field. Relatively low 
doses of garlic oil (0.5% and 2%) were sufficient to reduce the impact of cabbage root fly 
damage on swede crops. These dose rates may or may not prove economically viable 
when translated into commercial usage rates, and whether the product is registered 
successfully for commercial use remains be seen, but the liquid product clearly has 
potential as a pest control product. 
The benefits of using such a product would be significant; the limited literature available 
suggests that garlic would have limited impact on the agricultural environment. 
Ramakrishnan et a/ (1989) report that diallyl disulfide is short lived in water bodies after 
treatment against mosquito larvae, whilst health risks to man are likely to be low due to 
garlic's general availability as a food stuff. However handling of garlic concentrates 
should be done with some caution as rep011s of contact dermatitis after handling garlic are 
present in the literature (Sinha et al. 1977; Eming et al. 1999). Application of the liquid is 
also unlikely to be difficult as the farm machinery already in place for spraying liquid 
organophosphates will be suitable fort the application of the garlic and adjuvant liquid 
when diluted. 
The agronomy behind the timing of application and the usage rates of both the adjuvant 
and the garlic oil will still need further investigation. Due to mainly logistical reasons, the 
application of the garlic mixture to the field in the field trial rep011ed in this chapter was 
conducted on a prophylactic basis (i.e. at regular intervals) rather than as part of a decision 
based (i.e. applications are made when pest presence reaches a certain level) spraying 
regtme. If the garlic liquid is used under such a monitoring regime and sprayed as and 
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when the threat is sufficient, then the costs of using the product may be minimised and 
performance improved, however, the garlic oil product may not be suited to this regime. 
The method of application and the field rates will need to be determined and supported 
with unequivocal data in order for the product to be accepted for use by the farming 
community. 
A further concern that should be borne in mind is the general nature of toxicity that garlic 
has to all insect groups. Nasseh (1982) showed significant mortalities (50-60%) of the 
larvae of Syrphus corollae (Diptera) and ChiJ'Sopa camea (Neuroptera) when sprayed with 
5% methanolic extracts of garlic, likely to contain high concentrations of allicin and 
possibly alliin (Block 1985). Whether such effects would be noted with the garlic oil 
provided by ECOspray® remains to be seen. The potential impact of the garlic oil on non-
target beneficial invertebrates would need to be considered carefully before fi.lll 
commercial use was implemented. 
The mode of action of the garlic oil has yet to be elucidated. Bhatnagar-Thomas & Pal 
(1974b) suggest that the mode of action responsible for the death of M. domestica 
individuals after exposure to a mixture of diallyl disulfide and diallyl trisulfide was 
through inhibition of acetylcholinesterase; they noted an increase in acetylcholine content 
in fly homogenates. They did not however show acetylcholinesterase inhibition in the 
adults, only in larvae. This lack of inhibition in the adults is attributed to reactivation of 
the acetylcholinesterase protein by a 'labile reactivation factor' released during 
homogenisation. It is also possible that the acetylcholinesterase is protected by other 
esterases such as the carboxylesterase family which have been implicated in conferring 
insecticide resistance to various insects (Sakata & Miyata l994a; Whyard et al. 1994b; 
Whyard et al. 1995; Suzuki & Hama 1998; Riley et al. 1999). If the garlic compounds are 
specific to acetylcholinesterase, it is possible that a similar mechanism is at play to protect 
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the acetylcholinesterase in the adult housefly after exposure to garlic oils. However, this 
does not change the fact that the insect still dies. Clearly there is insufficient reactivation 
factor or protectant available to the insect when alive to cope with the loss of 
acetylcholinesterase activity, or there are other physiological effects of the garlic 
compounds not yet determined, which cause mortality. 
If the mode of action is through acetylcholinesterase inhibition, garlic may have a short life 
expectancy as a pesticide. Many of the organophosphate pesticides designed to target 
acetylcholinesterase are already losing efficacy on some insects; for example the housefly 
is already showing resistance to this group of pesticides (Nazni et al. 1999; Liu & Yue 
2000; Kristensen et al. 2000). Cross resistance cannot be ruled out, i.e. a strain of house 
fly or cabbage root fly which is already partially resistant to organophosphate may prove to 
be less susceptible to the garlic liquid as the same mechanisms that detoxify the 
organophosphate may detoxify the garlic compounds. Such cross-resistance to 
organophosphates has already been noted in M. domestica that are resistant to pyrethroids 
(Liu & Yue 2000). 
Other detoxification mechanisms may also come into play; the glutathione transferases 
have been linked to the detoxification of plant allelochemicals (Yu 1992c; Yu 1999), and 
the reactive potential between disulfides and thiol groups present in glutathione (Jocelyn 
1972) suggests that there is potential for glutathione and glutathione S-transferase to 
metabolise garlic compounds from cells. Glutathione S-transferase has been induced in 
mites when fed garlic (Capu et al. 1991), which is indicative of detoxification of the garlic 
compounds themselves, or their secondary metabolites. 
The potential for the disulfides in the garlic oil to react with thiol groups (Jocelyn 1972) is 
another possible mode of action. Rabinkov et a/ (I 998) concluded that the mode of action 
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of allicin was through its 'rapid reaction with thiol containing proteins'. Glutathione S-
transferase is one such protein; alteration of glutathione S-transferase would have 
implications for general cell health, as it is crucial in the maintenance of cell oxidative state 
and the metabolism of xenobiotics (Halliwell & Gutteridge 1999). Up-regulation of 
glutathione S-transferase may be in response to the net loss of glutathione S-transferase 
activity as a consequence of alterations to the active site by the garlic compounds, an effect 
noted in the carboxylesterases when exposed to organophosphates (Yuan & Chambers 
1998). Either way the effect of the garlic oil on glutathione and its associated enzymes is 
relevant for study as there are important potential implications regarding the method by 
which garlic compounds are detoxified I removed from the cell and potential mode of 
action. 
The effect of the garlic oil and adjuvant mixture on acetylcholinesterase, carboxylesterase 
and glutathione S-transferase is considered in the next chapter. 
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5.0 Introduction 
Enzyme inhibition by compounds derived from garlic is well reported in the literature (see 
section 4.5, chapter 4). Notably, inhibition of acetylcholinesterase is considered imporiant 
in garlic oil's potential use as a pesticide (Bhatnagar-Thomas & Pal 1974b; Singh & Singh 
1996). Inhibition of this enzyme by the organophosphate pesticides revolutionised the 
agricultural industry in terms of insect control, clearly demonstrating the effectiveness of 
this enzyme as an insecticidal target (Walker 2001). Singh and Singh (1996) showed that 
the compound allicin is an inhibitor of acetylcholinesterase isolated from nervous tissue of 
the snail Lymnaea acuminata both in vitro and in vivo. Significant inhibition of the 
enzyme was achieved when exposing the snails to a concentration 40% that of the rate 
required to achieve the 24hr LC50 mortality. Bhatnager-Thomas and Pal (1974b) also 
concluded that mortality of M. domestica witnessed after exposure to diallyl di and 
trisulfide mixtures was attributable to acetylcholinesterase inhibition. They noted an 
increase in acetylcholine content in adult and larval fly homogenates. However, 
acetylcholinesterase inhibition was only demonstrated in the adults. This lack of inhibition 
in the adults was attributed to reactivation of the acetylcholinesterase protein by a 'labile 
reactivation factor' released during homogenisation. They further found that exposed 
individuals exhibited behavioural characteristics associated with organophosphorus 
intoxication, such as salivation, excretion and ataxia. 
The proportion of diallyl disulfide and diallyl trisulfide in the garlic product studied here is 
reported to be high (see section 1.3.4, chapter 1 ), suggesting that inhibition of 
acetylcholinesterase by the garlic oil may contribute towards its toxic action. 
If acetylcholinesterase is the main target enzyme causing mortality then it is possible that 
resistance mechanisms already established in the organism to the organophosphorus 
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compounds may also provide tolerance to the garlic compounds, so called 'cross-
resistance'. Two such enzymes implemented in the detoxication of organophosphates are 
carboxylesterase and glutathione S-transferase (Yu 1996; Perez-Mendoza et al. 2000). 
Glutathione S-transferase can also be induced by exposure of invertebrates to garlic 
compounds (Capu et al. 1991 ), add to this the fact that the enzyme contains a thiol group, 
which will readily react with disulfide groups (Jocelyn 1972; Rabinkov et al. 1998), and it 
becomes clear that this enzyme has the potential to respond as both potential target and 
protectant. 
This chapter aims to assess the toxic action of the garlic oil and adjuvant mixture, by 
determining any effect on the activities of acetylcholinesterase, carboxylesterase and 
glutathione S-transferase. This will be tested by determining the effect of the garlic oil and 
adjuvant mixture on purified enzyme in vitro, and whole body homogenates from fly 
larvae and adults following exposure in vivo. Understanding the response of these 
enzymes after exposure to the garlic oil and adjuvant mixture will not only give an insight 
into the potential mode of action but also to the potential for the insects studied to develop 
resistance to the product. 
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5.1 Optimisation of Experimental Procedures 
The three enzymes studied are all commonly assayed in various fields of science, notably 
human and environmental toxicology. In this chapter the three techniques used are 
modifications from the following papers: 
Acetylcholinesterase and carboxylesterase (Galloway et al. 2002), and glutathione S-
transferase (Capu et al. 1991). 
To measure acetylcholinesterase activity, the substrate analogue acetylthiocholine is used. 
Hydrolysis of acetylthiocholine by the enzyme yields thiocholine and acetate, thiocholine 
then reacts with DTNB to produce thionitrobenzoic acid (TNB), which is yellow. 
Measurement of the absorbance of this product over time gives the rate at which TNB, and 
hence thiocholine is produced, allowing the activity of the enzyme to be assessed. 
Carboxylesterase activity is derived using the same principle but with .~~phenylthioacetate 
as the substrate analogue. Glutathione S-transferase activity is measured by following the 
change in absorbance of the reaction mixture over time as the GSH-CDNB conjugate (s-
(2-4-Dinitrophenyl) glutathione) is produced by the enzyme. 
As none of the assays described in these papers used enzymes derived from M. domestica 
or D. radicum, the procedures were run with various concentrations of substrate in order to 
check that the assay was conducted with the substrate in excess. This ensures that 
interpretation of any inhibition that may be witnessed as due to an inhibition of the enzyme 
and not a lack of substrate. 
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5.1.1 Method 
5.1. 2 Chemicals used 
All chemicals were purchased from Sigma-Aidrich Itd. A 50mM solution of sodium 
phosphate buffer (NaHP04 and KH2P04) was prepared in distilled water, and adjusted to 
pH 7.4 ± 0.1. The solution was kept at 4°C for up to one month. The pH was checked and 
adjusted where necessary before use in assays. A l OmM stock solution of 
acetylthiocholine iodide, a I OmM stock solution of reduced glutathione (GSH) and a 3mM 
s-phenylthioacetate were prepared in distilled water and stored in separate amber bottles to 
prevent discolouration by light Stronger concentrations of s-phenylthioacetate were not 
used as the phenylthioacetate would not dissolve fully. A 270~ solution of 5,5'-dithio 
(2-nitrobenzoic acid) (DTNB) was made up in sodium phosphate buffer (noted above) in 
an amber bottle to prevent discolouration by light A 5mM 1-chloro-2, 4-dinitrobenzene 
(CDNB) solution was made up by dissolving l0.13mg in 0.5ml of methanol, as CDNB 
does not dissolve readily in water. This solution was then made up to lOml using distilled 
water in an amber bottle to prevent discolouration by light. 
All solutions were made up fresh for each assay, except the phosphate buffer, which was 
kept at 4°C for up to one month. Solutions were kept on ice or refrigerated at 4oC prior to 
use except the CDNB solution, which was kept at room temperature. 
5.1.3 Sample preparation 
Thirty 7-14day old flies were randomly selected from the main culture stock and snap 
frozen at -80°C. Once frozen the flies were homogenised using a pestle and mortar in 
50mM sodium phosphate buffer at pH 7.4 at a ratio of I :5, fly weight : buffer. The 
homogenate was decanted into 1.5ml microcentrifuge tubes and centrifuged for 10 minutes 
at lO,OOOg. Samples were then kept on ice prior to use in the assays. 
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5. 1. 4 Acetylcholinesterase 
A series of acetylthiocholine iodide solutions was prepared using a I OmM stock solution. 
Solutions used were: 0, 2, 4, 6, 8 and lOmM. Using a 96 well micro titre plate 18 wells 
(three replicate wells for each molarity) were set up by adding the following quantities of 
the solutions noted above: I 501JI of DTNB, 40J.d of buffer and 1 01JI of fly homogenate 
supernatant. Six replicate wells were also set up where I OIJI of buffer was added instead of 
the fly homogenate supematant as a blank, the average absorbance from these wells was 
automatically subtracted from the treatment wells by the spectrophotometer software. 
Using a Bio-Tek FL 600 spectrophotometer, the absorbance of the solution was recorded 
over 5minutes at 405nm after 5 seconds of shaking to mix the reagents, to allow any 
endogenous reaction to take place. Following this, 501JI of each acetylthiocholine iodide 
concentration was added to each of three wells and the absorbance recorded using the same 
procedure. 
5. 1.5 Carboxylesterase 
A series of s-phenylthioacetate solutions was prepared using the 3mM stock solution, 
concentrations used were: 0, 0.09, 0.18, 0.38, 0.75, 1.5 and 3mM. Using a 96 well micro 
titre plate 18 wells (three replicate wells for each molarity) were set up by adding the 
following quantities of the solutions noted above: I 501JI of DTNB, 401JI of buffer and I OIJI 
of fly homogenate supernatant. Six replicate wells were also set up where l01JI of buffer 
was added instead of the fly homogenate supernatant as a blank, the average absorbance 
from these wells were automatically subtracted from the treatment wells by the 
spectrophotometer software. Using a Bio-Tek FL 600 spectrophotometer, the absorbance 
of the solution was recorded over 5 minutes at 405nm after 5 seconds of shaking to allow 
any endogenous reaction to take place. Following this 501JI of each phenylthioacetate 
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concentration was added to each of three wells and the absorbance recorded using the same 
procedure. 
5.1.6 Glutathione S-traniferase 
A series of reduced glutathione (GSH) solutions was prepared using the lOmM stock 
solution, concentrations used were: 0, 2, 4, 6, 8, and I OmM. Using a 96 well micro titre 
plate 18 wells (three replicate wells for each molarity) were set up by adding the following 
quantities of the solutions noted above: 20Jll of CDNB, 200Jll of buffer and I OJll of fly 
homogenate supernatant. Six replicate wells were also set up where IOJll of buffer was 
added instead of the fly homogenate supernatant as a blank, the average absorbance from 
these wells were automatically subtracted from the treatment wells by the 
spectrophotometer software. Using a Molecular Devices Ltd, Optimax tuneable micro 
plate spectrophotometer, the absorbance of the solution was recorded over 5 minutes at 
340nm after 5 seconds of shaking to allow any endogenous reaction to take place. 
Following this 20111 of each GSH concentration was added to each of three wells and the 
absorbance recorded using the same procedure. 
All three assays were conducted for both fly species D. radicum and M. domestica. Once 
completed the mean absorbance for each concentration of solution for each species of fly 
was calculated. The optimum substrate concentration was then chosen from a plot of 
activity versus concentration. 
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5.1. 7 Results 
Acetylcholinesterase in both species was saturated at concentrations of acetylthiocholine of 
2mM and greater (figure 5.1). The plateau of activity started to decrease after 6mM in the 
housefly. Carboxylesterase activity showed a plateau of activity at phenylthioacetate 
concentrations above l.OmM (figure 3.2). The higher absorbances recorded at 
phenylthioacetate concentrations above I.OmM are likely due to interference from 
precipitation of the compound. Glutathione S-transferase activity also showed a consistent 
increase in activity throughout the range of concentrations of GSH (figure 3.3). However, 
D. radicum glutathione ~~'-transferase activity shows evidence of beginning to plateau 
above 2mM, i.e. the reaction shows evidence of saturation. 
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5.1. 8 Discussion 
A 5mM solution of acetylthiocholine iodide was determined as appropriate for future 
acetylcholinesterase assays as at this concentration the enzyme was fully saturated in both 
species. Using higher levels of substrate may have caused problems with inhibition as the 
enzyme activity in M. domestica showed evidence of decreasing at concentrations greater 
than 6mM. Substrate dependent inhibition at high concentrations is a noted characteristic 
of the acetylcholinesterase enzyme (Galloway et al. 2002). A concentration of 1.5mM was 
selected for use in further carboxylesterase assays as at concentrations greater than JmM as 
the phenylthioacetate had a tendency to precipitate. Precipitation could potentially cause 
scattering of light or increased absorption during spectrophotometric analysis, hence 
distorting the unit measure of enzyme activity. The activity of glutathione S-transferase at 
SmM as used in the procedure described by Capu et a/ (1991) was acceptable (figure 3.3). 
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5.2 The Effect of Garlic Oil on Acetylcholinesterase, Carboxylesterasc 
and Glutathione S-Transferase Ill Vitro 
ln order to determine the direct effect of the garlic treatment on the target enzymes noted in 
the introduction to this chapter, two experiments exploring the effect of increasing 
concentrations of garlic oil, diluted in water on pure extracts of those enzymes, and on 
crude homogenates of each life stage of each species containing the target enzymes en 
masse were undertaken. 
5. 2.1 M etllod 
5.2.2 Enzyme sample 
Samples of pure acetylcholinesterase (from electric eel), carboxylesterase (from porcine 
liver) and glutathione S-transferase (from equine liver) were purchased from Sigma 
Aldrich Ltd. Acetylcholinesterase and carboxylesterase were diluted using sodium 
phosphate buffer (50 mM, pH 7.4) to give a solution with activity of 1.25 Units ml' 1, where 
one unit is sufficient to produce I J.Unol of TNB min·1 mg protein -I. Glutathione S-
transferase was diluted to give a 35 Unit ml' 1 solution where one unit is sufficient to 
produce lJ.!mol of CDNB-GSH conjugate min· 1 mg protein -I. All solutions were made up 
fresh for the experiment and kept on ice until required. Homogenate samples were 
prepared from three duplicate sets of 30 individuals from each life stage for both D. 
radicum and M. domestica. Samples were prepared as in section 5.1.1. 
5.2.3 Enzyme assays 
50J.!I aliquots of each pure enzyme sample and each homogenate sample were mixed with 
50J.!I of the following; Control (water), 0.25% garlic oil, 0.5% garlic oil, 1.0% garlic oil, 
2.0% garlic oil, 5.0 garlic oil, 0.5% adjuvant oil and 0.5% SapecronO\l. A 10% garlic oil 
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treatment was also included for the pure enzyme exposures. After vigorous mixing the 
mixtures were allowed to incubate at 25"C for 30mins after which time the samples were 
assayed. Acetylcholinesterase, carboxylesterase and glutathione S-transferase activities 
were all assayed using the same procedure described in section 5.1.2 of this chapter. 
5.2.4 Protein determination 
The amount of protein in each sample was determined using a modified method derived 
from Bradford (1976). A set of protein standards were made up using bovine albumin 
serum at the following concentrations; 0.2, 0.4, 0.6, 0.8, and l.Omg mr1. An appropriate 
quantity of Biorad solution was diluted at a ratio of I :4 (one part Biorad to four pa1ts 
water), and mixed well. Sample homogenate supernatants were diluted 25 times with 
sodium phosphate buffer (i.e. I Oj.ll added to 240!tl of buffer) before use in the protein 
assay. Triplicate wells for each replicate of each treatment and for each standard were set 
up by adding 200j.ll of the diluted Biorad solution and 4!-ll of the diluted homogenate 
supematant of sample. Six replicate wells were also set up where the quantity of 
homogenate supernatant or standard was replaced with buffer as a blank; the micro-titre 
plates were then covered and incubated at room temperature for 30 minutes. After this 
time the absorbance was measured using a Molecular Devices, Optimax tuneable micro-
plate spectrophotometer at S9Snm. The average absorbance from the blank wells was 
subtracted from the treatment wells, a standard cwve plotted and the protein amounts for 
each of the replicates from each of the treatments calculated from the standard curve by the 
software (Soft Max Pro). 
5.2.5 SjJec(fic activity calculation 
From the raw enzyme activity data recorded by the spectrophotometer, the mean 
absorbance was calculated for each triplicate of wells for each treatment replicate. The 
mean protein amount for each triplicate of wells was also calculated for each replicate from 
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each treatment. Using these values, the specific activity of the enzyme was calculated for 
each replicate of each treatment using the formula below: 
.fi . . (!'!A) V, Spec1 c ActiVIty = -- x- + P x 1000 
eL V, 
Where: 
t'l A = Rate of change of absorbance 
e =Extinction coefficient of chromogenic compound (M- 1 cm-1) 
L =Path length of light source (cm) 
V, =Total volume in well (m I) 
V. =Volume of sample (ml) 
P =Concentration of protein in sample (mg ml-1) 
For the acetylcholinesterase and carboxylesterase assays the chromogenic compound 
produced is TNB, formed by the hydrolysis of DTNB by the esterase enzyme. The 
extinction coefficient for TNB is 13600M-1 cm·' (Ell man et al. 1961 ). In the glutathione S-
transferase assay, the chromogenic compound is the S-(2, 4-dinitrophenyl) glutathione 
conjugate produced by the enzyme, which has an extinction coefficient of 9600M-1 cm·' 
(Capu et al. 1991 ). 
5.2.6 Statistical analysis 
The non-parametric Kruskai-Wallis test was used to determine significant differences 
between the median specific activity for each treatment, with inspection of median ranks 
and means to determine differences between treatment groups (Dytham 1999). Linear 
regression was applied to the garlic treated data in order to determine any relationship 
between enzyme activity and the exposure concentration of the garlic solutions (Dytham 
1999). 
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5.2. 7 Results 
5.2.8 Pure enzyme 
Acetylcholinesterase 
A significant difference was found between the treatment medians (Kruskai-Wallis, H = 
® 23.57, df= 8, p < 0.05, table 5.1). The Sapecron treatment was most different to all other 
treatments, followed by the 10% and 5% garlic treatments. The 0.5% and I 0% treatments 
are unlikely to be significantly different to the control group having 95% Cls that over lap 
(figure 5.4). All the other treatments except Sapecron® are likely to be significantly higher 
as they do not have overlapping 95% Cis with the control. No significant linear regression 
between garlic concentration and the specific activity of acetylcholinesterase was found 
indicating no relationship between activity and concentration. 
204 
Treatment N Median Mean Rank z 
Control (0%) 3 1.15 8.0 -1.39 
0.25% Garlic 3 1.30 13.0 -0.23 
0.5% Garlic 3 1.33 15.7 0.39 
1.0% Garlic 3 1.52 25.7 2.70 
2.0% Garlic 3 1.43 22.3 1.93 
5.0% Garlic 3 1.36 15.7 0.39 
10.0% Garlic 3 1.09 5. 0 -2.08 
0.5% Adjuvant oil 3 1.38 18.7 1.08 
0.5% SaJ)ecron® 3 0.008 2.0 -2.78 
Overall 27 14 
H = 23.57 df = 8 p < 0. 05 
Table 5.1: Kruskal Wa/lis test results for median specific activity of pure acetylcholinesterase. 
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Fig 5.4: Mean specific activity (± 95% Cl) of pure acetylcholinesterase, vmol of TNB produced 
min-1 mg·1 protein, after 30 min incubation with various garlic concentrations, and 0.5% adjuvant oil 
(*) and 0. 5% Sapecron® (**) treatments. 
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Carboxylesterase 
A significant difference was found between the treatment medians (Kruskai-Wallis, H = 
25.71, df= 8, p < 0.0 I, table 5.2). The Sapecron® treatment was most different to all other 
treatments, followed by the 10% and 5% garlic treatments. The 0.5% and 10% treatments 
are likely to be significantly different to the control group having 95% Cls that do not over 
lap (figure 5.5). All the other treatments except 0.5% and the adjuvant oil treatments are 
likely to be significantly lower as they do not have overlapping 95% Cls with the control. 
A significant negative linear regression was found (R2 = 90.0%, p < 0.001) between garlic 
concentration and the specific activity of carboxylesterase indicating a relationship 
between activity and concentration. 
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Treatment N Median Mean Rank z 
Control (0%) 3 26.01 26.0 2.78 
0.25% Garlic 3 17.88 17.0 0.69 
0.5% Garlic 3 21.72 23.0 2.08 
1.0% Garlic 3 15.32 14.0 0.00 
2.0% Garlic 3 9.43 11 .0 -0.69 
5.0% Garlic 3 5.07 8.0 -1.39 
10.0% Garlic 3 2.72 5.0 -2.08 
0.5% Adjuvant oil 3 20.98 20.0 1.39 
0.5% Sapecron® 3 0.29 2.0 -2.78 
Overall 27 14.0 
H =25.71 df=8 p < 0.01 
Table 5.2: Kruskal Wal/is test results for median specific activity of pure carboxylesterase. 
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Fig 5.5: Mean specific activity(± 95% Cl) of pure carboxylesterase, Jlmol of TNB produced min-1 
mg·1 protein, after 30 min incubation with various garlic concentrations, and 0.5% adjuvant oil(*) 
and 0. 5% Sapecron® (**) treatments. 
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Glutathione S-tran!>ferase 
A significant difference was found between the treatment medians (Kruskal-Wallis, H = 
23.82, df = 8, p < 0.01, table 5.3). The 10% treatment was most different to all other 
treatments, followed by the 2% and 0.5% garlic treatments. All the garlic treatments are 
likely to be significantly lower than the control group having 95% Cls that do not over lap 
(figure 5.5) except the 0.5%. The adjuvant oil treatment had significantly higher activity 
than the control, as the Cls did not overlap with the control. A significant negative linear 
regression between garlic concentration and the specific activity of glutathione S-
transferase was found (R2 = 51.3%, p < 0.001) indicating a weak relationship between 
activity and concentration. 
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Treatment N Median Mean Rank z 
Control (0%) 3 522504 23.0 2.08 
0.25% Garlic 3 465354 18.3 1.00 
0.5% Garlic 3 442778 9.0 -1.16 
1.0% Garlic 3 453981 13.0 -0.23 
2.0% Garlic 3 405433 6.0 -1 .85 
5.0% Garlic 3 474634 17.7 0.85 
10.0% Garlic 3 314485 2.0 -2.78 
0.5% Adjuvant oil 3 613723 26.0 2.78 
0.5% Sapecron® 3 434834 11.0 -0.69 
Overall 27 14.0 
H = 23.82 df= 8 p < 0.01 
Table 5.3: Kruskal Wallis test results for median specific activity of pure glutathione S-transferase. 
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Fig 5.6: Mean specific activity(± 95% Cl) of pure glutathione S-transferase, j.Jmol of CDNB-GSH 
conjugate produced min"1 mg·1 protein, after 30 min incubation with various garlic concentrations, 
and 0. 5% adjuvant oil (*) and 0. 5% Sapecron® (**) treatments. 
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5.2.9 Delia radicum larvae 
Acetylcholinesterase 
There was a significant difference between the treatment medians (Kruskal-Wallis, H = 
19.04, df= 7, p < 0.01, table 5.4). This difference is most likely due to the large difference 
® between the Sapecron treatment and the overall mean rank. All treatments other than the 
Sapecron® treatments are unlikely to be different to the control treatment as the 95% Cls 
all over lap with those of the control (figure 5. 7). No significant relationship was found 
between the garlic treatments concentration and acetylcholinesterase. 
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Treatment N Median Mean Rank z 
Control (0%) 3 0.0022 15.3 0.74 
0.25% Garlic 3 0.0018 10.7 -0.48 
0.5% Garlic 3 0.0018 9.3 -0.83 
1.0% Garlic 3 0.0024 17.7 1.35 
2.0% Garlic 3 0.0016 5.3 -1.88 
5.0% Garlic 3 0.0024 19.7 1.88 
0.5% Adjuvant oil 3 0.0025 20.0 1.96 
0.5% Sapecron® 3 0.0003 2.0 -2.75 
Overall 24 12.5 
H=19.04 df=7 p < 0.01 
Table 5.4: Kruskal Wallis test results for median specific activity of acetylcholinesterase in D. 
radicum larval homogenate. 
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Fig 5.7: Mean specific activity(± 95% Cl) of acetylcholinesterase, pmol of TNB produced min·1 
mg·1 protein, in 0 radicum larvallwmogenates after 30 min incubation with various garlic 
concentrations, and 0. 5% adjuvant oil (*) and 0. 5% Sapecron® (*") treatments. 
2l l 
Carboxylesterase 
There was a significant difference between the treatment medians (Kruskai-Wallis, H = 
17.59, df= 7, p < 0.05, table 5.5). This difference is most likely due to the large difference 
between the Sapecron® treatment and the overall mean rank. All treatments other than the 
Sapecron® treatments are unlikely to be different to the control treatment as the 95% Cls 
all over lap with those of the control (figure 5.8). A significant negative relationship (R2 = 
33.5%, p < 0.01) was found between the garlic treatments concentration and 
carboxylesterase specific activity. 
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Treatment N Median Mean Rank z 
Control (0%) 3 0.020 17.0 1.18 
0.25% Garl ic 3 0.023 22.3 2.57 
0.5% Garlic 3 0.019 13.3 0.22 
1.0% Garlic 3 0.018 8.0 -1.18 
2.0% Garlic 3 0.019 15.7 0.83 
5.0% Garlic 3 0.017 7.0 -1.44 
0.5% Adjuvant oil 3 0.019 14.7 0.57 
0.5% Sapecron® 3 0.003 2.0 -2.75 
Overall 24 12.5 
H = 17.59 df = 7 p < 0. 05 
Table 5.5: Kruskal Waflis test results for median specific activity of carboxylesterase in D. radicum 
larval homogenates. 
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Fig 5.8: Mean specific activity(± 95% Cl) of carboxylesterase, Jlmol of TNB produced min·1 mg·1 
protein, in D. radicum larval homogenates after 30 min incubation with various garlic 
concentrations, and 0.5% adjuvant oil(*) and 0.5% Sapecron® (**)treatments. 
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.Glutathione !:Niansjerase 
;No: sigoifi~al1t .qifferente. was found,:bet~een the ilnedian treatments (table 5.6, .and figure. 
5.9). ;nor was there [any significant relationship lbetween ,the garlic treatments and 
glutathione!S"transferas~ ~pecific activity 
Treatment N Median Mean Rank z 
Control (0%) 3 12446 10.0 -0.65 
0.25% Garlic 3 15839 16.3 1.00 
0.5% Garlic 3 14518 14.7 0.57 
1.0% Garlic 3 12897 12.3 -0.04 
2.0% Garlic 3 14422 16.0 0.92 
5.0% Garlic 3 12590 10.0 -0.65 
0.5% Adjuvant oil 3 11523 14.3 0.48 
0.5% Sapecron® 3 11008 6.3 -1.61 
Overall 24 12.5 
H = 5.13 df = 7 p > 0.05 
Table 5.6: Kruskal Wallis test results for median specific activity of glutathione S-transferase in D. 
radicum larval homogenates. 
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Fig 5.9: Mean specific activity (± 95% Cl) of glutathione S-transferase, 11mol of CDNB-GSH 
conjugate produced min·1 mg·1 protein, in D. radicum larvallwmogenates after 30 min incubation 
with various garlic concentrations, and 0. 5% adjuvant oil (*) and 0. 5% Sapecron® (**) treatments. 
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5. 2.10 Delia radicum adult 
Acetylcholillesterase 
There was a significant difference between the treatment medians (Kruskal-Wallis, H = 
19.03, df= 7, p < 0.01, table 5.7). This difference is most likely due to the large difference 
between the Sapecron® treatment and the overall mean rank. All treatments other than the 
Sapecron® treatments are unlikely to be different to the control treatment as the 95% Cls 
all over lap with those of the control (figure 5.1 0). A significant positive relationship (R2 = 
42.2%, p < 0.01) was found between the garlic treatments concentration and 
acetylcholinesterase specific activity. 
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Treatment N Median Mean Rank z 
Control (0%) 3 0.051 5.0 -1 .96 
0.25% Garlic 3 0.058 10.0 -0.65 
0.5% Garlic 3 0.062 13.7 0.31 
1.0% Garlic 3 0.060 14.0 0.39 
2.0% Garlic 3 0.068 21.3 2.31 
5.0% Garlic 3 0.061 13.7 0.31 
0.5% Adjuvant oil 3 0.067 20.3 2.05 
0.5% Sapecron® 3 0.002 2.0 -2.75 
Overall 24 12.5 
H=19.03 df = 7 p < 0.01 
Table 5. 7: Kruskal Wallis test results for median specific activity of acetylcholinesterase in adult D. 
radicum adult homogenates. 
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Fig 5.10: Mean specific activity(± 95% Cl) of acetylcholinesterase, pmol of TNB produced, min·1 
mg·1 protein, in M. domestica larval homogenates after 30 min incubation with various garlic 
concentrations, and 0.5% adjuvant oil(*) and 0.5% Sapecron® (**)treatments. 
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Carboxylesterase 
There was a significant difference between the treatment medians (Kruskal-Wallis, H = 
20.63, df= 7, p < 0.0 I, table 5.8). This difference is most likely due to the large difference 
between the Sapecron® treatment and the overall mean rank. All treatments other than the 
Sapecron® treatments are unlikely to be different to the control treatment as the 95% Cls 
all over lap with those of the control (figure 5.11 ), with the exception of the 2% garlic 
treatment which was significantly lower than the control, based on non-overlapping Cls. 
No significant relationship was found between garlic concentration and carboxylesterase 
activity. 
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Treatment N Median Mean Rank z 
Control (0%) 3 0.0095 16.0 0.92 
0.25% Garlic 3 0.0082 8.7 -1.00 
0.5% Garlic 3 0.0084 10.3 -0.57 
1.0% Garlic 3 0.0111 19.3 1.79 
2.0% Garlic 3 0.0067 5.0 -1.96 
5.0% Garlic 3 0.0106 17.7 1.35 
0.5% Adjuvant oil 3 0.0120 21 .0 2.23 
0.5% Sapecron® 3 0.0014 2.0 -2.75 
Overall 24 12.5 
H=20.63 df=7 p < 0.01 
Table 5.8: Kruskal Wallis test results for median specific activity of carboxylesterase in adult D. 
radicum adult homogenates. 
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Fig 5.11: Mean specific activity(± 95% Cl) of carboxylesterase, Jlmol of TNB produced, min·1 mg·1 
protein, in M. domestica larval homogenates after 30 min incubation with various garlic 
concentrations, and 0. 5% adjuvant oil (*) and 0. 5% Sapecron® (**) treatments. 
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Glutathione S-tran:,ferase 
There was a significant difference between the treatment medians (Kruskai-Wallis, H = 
21.80, df= 7, p < 0.0 I, table 5.9). This difference is most likely due to the large difference 
between the adjuvant oil treatment and the overall mean rank. All treatments other than 
the adjuvant oil treatment are unlikely to be different to the control treatment as the 95% 
Cls all over lap with those of the control (figure 5.12). A significant decrease in 
glutathione S-transferase activity was noted with increasing garlic concentration (R2 = 
40.8%,p < 0.01). 
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Treatment N Median Mean Rank z 
Control (0%) 3 13263 17.3 1.27 
0.25% Garlic 3 9793 11 .0 -0.39 
0.5% Garlic 3 9240 6.7 -1 .53 
1.0% Garlic 3 10418 14.3 0.48 
2.0% Garlic 3 8012 2.7 -2.57 
5.0% Garlic 3 9125 5.7 -1.79 
0.5% Adjuvant oil 3 22219 23.0 2.75 
0.5% Sapecron® 3 14673 19.3 1.79 
Overall 24 12.5 
H = 21 .80 df = 7 p < 0. 01 
Table 5.9: Kruskal Wallis test results for median specific activity of glutathione $-transferase in 
adult D. radicum adult homogenates. 
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Fig 5.12: Mean specific activitr (± 95% Cl) of glutatl1ione S-transferase, J.Jmol of CDNB-GSH 
conjugate produced, mh1 mg· protein, in M. domestica larval homogenates after 30 min 
incubation with various garlic concentrations, and 0. 5% adjuvant oil (") and 0. 5% Sapecron® ("") 
treatments. 
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5. 2.11 Musca domestica larvae 
Acetylcholinesterase 
There was a significant difference between the treatment medians (Kruskal-Wallis, H = 
21.80, df = 7, p < 0.01, table 5.10). This difference is most likely due to the large 
difference between the Sapecron® treatment and the overall mean rank. All treatments 
other than the adjuvant oil treatment are unlikely to be different to the control treatment as 
the 95% Cls all over lap with those ofthe control (figure 5.13). A significant increase in 
acetylcholinesterase activity was noted with increasing garlic concentration (R2 = 31.4%, p 
< 0.01). 
222 
Treatment N Median Mean Rank z 
Control (0%) 3 0.007 10.3 -0.57 
0.25% Garlic 3 0.008 7.3 -1 .35 
0.5% Garlic 3 0.008 9.3 -0.83 
1.0% Garlic 3 0.008 11 .7 -0.22 
2.0% Garlic 3 0.009 20.3 2.05 
5.0% Garlic 3 0.008 16.3 1.00 
0.5% Adjuvant oil 3 0.010 22.7 2.66 
0.5% Sapecron® 3 0.000 2.0 -2.75 
Overall 24 12.5 
H=19.94 df=7 p < 0.01 
Table 5.10: Kruskal Wallis test results for median specific activity of acetylclwlinesterase in M. 
domestica larvae homogenates. 
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Fig 5.13: Mean specific activity(± 95% Cl) of acetylcholinesterase, J.Jmol of TNB produced, min·1 
mg·1 protein, in M. domestica larvae homogenates after 30 min incubation with various garlic 
concentrations, and 0. 5% adjuvant oil (*) and 0. 5% Sapecron® (**) treatments. 
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Carboxylesterase 
There was a significant difference between the treatment medians (Kruskai-Wallis, H = 
16.36, df = 7, p < 0.05, table 5.11). This difference is most likely due to the large 
difference between the Sapecron® treatment and the overall mean rank. All other 
treatments are unlikely to be different to the control treatment as the 95% Cls all over lap 
with those ofthe control (figure 5.14). A significant decrease in carboxylesterase activity 
was noted with increasing garlic concentration (R2 = 29.7%, p < 0.05). 
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Treatment N Median Mean Rank z 
Control (0%) 3 0.0035 17.3 1.27 
0.25% Garlic 3 0.0035 18.3 1.53 
0.5% Garlic 3 0.0052 20.7 2.14 
1.0% Garlic 3 0.0020 9.7 -0.74 
2.0% Garlic 3 0.0034 12.7 0.04 
5.0% Garlic 3 0.0031 7.0 -1.44 
0.5% Adjuvant oil 3 0.0034 12.3 -0.04 
0.5% Sapecron® 3 0.0008 2.0 -2.75 
Overall 24 12.5 
H = 16.36 df= 7 p < 0.05 
Table 5.11: Kruskal Wallis test results for median specific activity of carboxylesterase in M. 
domestica laNae homogenates. 
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Fig 5.14: Mean specific activity(± 95% Cl) of carboxylesterase, J.lmol of TNB produced, min-1 mg·1 
protein, in M. domestica laNae 11omogenates after 30 min incubation with various garlic 
concentrations, and 0. 5% adjuvant oil (*) and 0. 5% Sapecron® (**) treatments. 
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Glutathione S-tran~ferase 
There was a significant difference between the treatment medians (Kruskal-Wallis, H = 
16.77, df = 7, p < 0.05, table 5.12). This difference is most likely due to the large 
difference between the Sapecron® treatment and the overall mean rank. All other 
treatments are unlikely to be different to the control treatment as the 95% Cls all over lap 
with those of the control (figure 5.1 5). A significant decrease in glutathione S-transferase 
activity was noted with increasing garlic concentration (R2 = 41. 7%, p < 0.05). 
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Treatment N Median Mean Rank z 
Control (0%) 3 31403 18.3 1.53 
0.25% Garlic 3 29966 17.7 1.35 
0.5% Garlic 3 27769 13.7 0.31 
1.0% Garlic 3 29301 16.0 0.92 
2.0% Garlic 3 23112 5.7 -1 .79 
5.0% Garlic 3 21915 7.0 -1 .44 
0 .5% Adjuvant oil 3 30264 18.7 1.61 
0.5% Sapecron® 3 19160 3.0 -2.49 
Overall 24 12.5 
H = 16.77 df= 7 p < 0.05 
Table 5.12: Kruska/ Wallis test results for median specific activity of glutathione S-transferase in 
M. domestica larvae homogenates. 
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Fig 5.15: Mean specific activitr (± 95% Cl) of glutathione S-transferase, pmol of CDNB-GSH 
conjugate produced, min·1 mg· protein, in M. domestica larvae homogenates after 30 min 
incubation with various garlic concentrations, and 0. 5% adjuvant oil (*) and 0. 5% Sapecron® (**) 
treatments. 
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5. 2.12 Musca domestica adult 
Acetylcholinesterase 
There was a significant difference between the treatment medians (Kmskai-Wallis, H = 
15.49, df = 7, p < 0.05, table 5.13). This difference is most likely due to the large 
difference between the Sapecron.., treatment and the overall mean rank. All other 
treatments are unlikely to be different to the control treatment as the 95% Cls all over lap 
with those of the control (figure 5 .16). A significant decrease in acetylcholinesterase 
activity was noted with increasing garlic concentration (R2 = 35.1%,p < 0.01). 
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Treatment N Median Mean Rank z 
Control (0%) 3 0.034 16.3 1.19 
0.25% Garlic 3 0.034 18.3 1.73 
0.5% Garlic 3 0.031 17.7 1.55 
1.0% Garlic 3 0.029 13.0 -0.22 
2.0% Garlic 3 0.016 6.3 -1.64 
5.0% Garlic 3 0.027 9.3 -0.73 
0.5% Adjuvant oil 3 0.030 13.7 0.46 
0.5% Sapecron® 3 0.001 2.0 -2.74 
Overall 24 12.5 
H = 15.49 df= 7 p< 0.05 
Table 5.13: Kruskal Wallis test results for median specific activity of acetylcholinesterase in adult 
M. domestica homogenates. 
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Fig 5.16: Mean specific activity(± 95% Cl) of acetylcholinesterase, 11mol of TNB produced, min-1 
mg·1 protein, in M. domestica adult homogenates after 30 min incubation with various garlic 
concentrations, and 0. 5% adjuvant oil (*) and 0. 5% Sapecron® (**) treatments. 
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Treatment N Median Mean Rank z 
Control {0%) 3 0.014 15.3 0.74 
0.25% Garlic 3 0.014 12.7 0.04 
0.5% Garlic 3 0.014 11 .3 -0.31 
1.0% Garlic 3 0.013 13.0 0.13 
2.0% Garlic 3 0.013 9.0 -0.92 
5.0% Garlic 3 0.015 15.3 0.74 
0.5% Adjuvant oil 3 0.016 21.3 2.31 
0.5% Sapecron® 3 0.003 2.0 -2.75 
Overall 24 12.5 
H = 13.09 df = 7 p > 0. OS 
Table 5.14: Kruskal Wal/is test results for median specific activity of carboxylesterase in adult M. 
domestica homogenates. 
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Fig 5.17: Mean specific activity(± 95% Cl) of carboxylesterase, Jlmol of TNB produced, min-1 mg·' 
protein, in M. domestica adult homogenates after 30 min incubation with various garlic 
concentrations, and 0. 5% adjuvant oil (*) and 0. 5% Sapecron® ("") treatments. 
2:1 1 
Glutathione S-tramferase 
There was a significant difference between the treatment medians (Kruskai-Wallis, H = 
16.58, df = 7, p < 0.05, table 5.1 5). This difference is most likely due to the large 
difference between the Sapecron® treatment and the overall mean rank. All other 
treatments are unlikely to be different to the control treatment as the 95% Cls all over lap 
with those of the control (figure 5.18). No significant relationship between glutathione S-
transferase activity and increasing garlic concentration was noted. 
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Treatment N Median Mean Rank z 
Control (0%) 3 14616 15.7 1.00 
0.25% Garlic 3 14616 15.7 1.00 
0.5% Garlic 3 14518 15.7 1.00 
1.0% Garlic 3 14005 9.7 -0.64 
2.0% Garlic 3 12584 5.0 -1 .92 
5.0% Garlic 3 18069 21 .0 1.96 
0.5% Adjuvant oil 3 14437 14.3 0.64 
0.5% Sapecron® 3 10990 2.0 -2.74 
Overall 24 12.5 
H = 16.58 df= 7 p < 0.05 
Table 5.15: Kruskal Wallis test results for median specific activity of glutathione S-transferase in 
adult M. domestica homogenates. 
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Fig 5.18: Mean specific activity(± 95% Cl) of glutathione S-transferase, J.lmol of CDNB-GSH 
conjugate produced, min·1 mg· protein, in M. domestica adult homogenates after 30 min incubation 
wif/1 various garlic concentrations, and 0. 5% adjuvant oil (*) and 0. 5% Sapecron® (**) treatments. 
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5.3 The Effect of Garlic Oil on Acetylcholinesterase, Carboxylesterase 
and Glutathione S-Transferase In Vivo 
Many compounds toxic to insect herbivores require some metabolic modification before 
they are toxic, for example the organothiocyanates are relatively harmless to Lepidopteran 
herbivores until the enzyme glutathione S-transferase acts upon them, releasing cyanide 
from the compound leading to the death of the insect (Wadleigh & Yu 1988), similar 
processes may be required for the activation of the garlic compounds. There is little effect 
of the garlic oil and adjuvant mixture on acetylcholinesterase in vitro, as demonstrated in 
the previous section, but there is evidence in the literature that links inhibition of this 
enzyme by garlic compounds to the death of M. dome,\1ica (Bhatnagar-Thomas & Pal 
l974b). The garlic compounds in the garlic oil and adjuvant mixture may be altered, once 
in the animal producing a more toxic compound. 
The series of experiments reported in this section test the effects of various garlic and 
adjuvant mixture concentrations on the three enzymes studied in the previous section in 
vivo. 
5.3.1 Method 
5. 3. 2 Fly exposure 
Fly exposure was restricted to the larvae and adults of both species. Egg assays could not 
be conducted as insufficient eggs or early larvae could be recovered after exposure to the 
treatments. Adult and larval exposures were conducted as described in chapter 4 (section 
4.2.3) with 20 replicates for each treatment. 
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5. 3. 3 Enzyme m~mys 
Chemicals used 
All chemicals were purchased from Sigma-Aidrich ltd and the following solutions were 
prepared as in section 5.1.2: 
50mM solution of sodium phosphate buffer 
5mM acetylthiocholine iodide 
1.5mM s-phenylthioacetate 
5mMGSH 
270!JM 5,5'-dithio (2-nitrobenzoic acid) (DTNB) 
5mM 1-chloro-2, 4-dinitrobenzene (CDNB) 
Sample preparation 
Flies (larvae or adults) were snap frozen at -80°C on completion of the exposure assay; 
once frozen the flies were transferred into microcentrifuge tubes and homogenised using a 
micro pellet pestle in 50mM sodium phosphate buffer at pH 7.4 at a ratio of I :5, fly 
weight: buffer. The homogenate was decanted into 1.5ml microcentrifuge tubes and 
centrifuged for I 0 minutes at I O,OOOg. Following centrifugation the supernatant was 
carefully removed to a fresh microcentrifuge tube and centrifuged for a further 3 minutes at 
I OOOOg, samples were then kept on ice prior to use in the assays. 
Acetylcholinesterase assay 
Triplicate wells for each replicate of each treatment were set up by adding 150!11 DTNB; 
for the adults, 40111 of sodium phosphate buffer and IO~LI of homogenate supernatant was 
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added; for the larvae, 30f.1l of sodium phosphate buffer and 20f.1l of homogenate 
supernatant was added. Six replicate wells were also set up where the quantity of 
homogenate supernatant was substituted with buffer as a blank, the average absorbance 
from these wells was automatically subtracted from the treatment wells by the 
spectrophotometer software. The mean absorbance change was then recorded as in section 
5.1.4 
Carboxylesterase assay 
Triplicate wells for each replicate of each treatment were set up by adding 1 SOf.tl DTNB; 
for the adults 40f.1l of sodium phosphate buffer and IOfll of homogenate supernatant was 
added; for the larvae, 30f.1l of sodium phosphate buffer and 20~tl of homogenate 
supernatant was added. Six replicate wells were also set up where the quantity of 
homogenate supernatant was replaced with buffer as a blank, the average absorbance from 
these wells were automatically subtracted from the treatment wells by the 
spectrophotometer software. The rate of change of absorbance was then recorded as in 
section 5.1.5 
Glutathione S-transjerase assay 
Triplicate wells for each replicate of each treatment were set up by adding 20f.1l CDNB; for 
the adults 200f.1l of sodium phosphate buffer and I Ofll of homogenate supernatant was 
added; for the larvae, 190f.1l of sodium phosphate buffer and 20f.1l of homogenate 
supernatant was added. Six replicate wells were also set up where the quantity of 
homogenate supernatant was replaced with buffer as a blank, the average absorbance from 
these wells were automatically subtracted from the treatment wells by the 
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spectrophotometer software. The change in absorbance was then recorded as in section 
5.1.4 
Protein determination and !>pecific activity calculation 
Protein amounts for each sample used and specific activities were determined as m 
sections 5.2.4 and 5.2.5 respectively. 
5. 3. 4 Statistical analysis 
One-way ANOV A was used to determine significant differences between mean specific 
activity of the treatments for each enzyme, with individual analyses conducted on each 
species' life stage. Homoscedasticity was determined using Levene's test and where data 
were significantly non-homoscedastic, they were either square root or log10 transformed 
before ANOVA (Sokal & Rohlf 1981). Where data still showed significant differences 
between treatment variances after transformation, the non-parametric Kruskal-Wallis test 
was used to determine differences between treatment medians (Dytham 1999). When the 
two results conflicted the Kruskal-Wallis test result was accepted, when they agreed the 
ANOV A result was accepted. Where quoted, Kruskal-Wallis results are those adjusted for 
ties. Post hoc analysis was conducted to determine significant differences between pairs of 
treatments, using Tukey's pair-wise comparison test for homoscedastic data and Dunnett's 
T3 test for heteroscedastic data (Sokal & Rohlf 1981 ). As part of the ANOV A model a 
linear contrast was applied excluding the non-garlic oil treatments in order to determine 
any significant relationships between garlic oil concentration and enzyme activity. 
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5.3.5 Results 
5. 3. 6 Delia radicum adults 
Acetylcholinesterase 
Levene's test on square root transformed data indicated that the data were still 
heteroscedastic with no improvement possible using log 10 transformation (p < 0.00 I). 
One-way ANOV A revealed a significant difference between the treatment means (p < 
0.001, df= 9, F = 12.213, table 5.16), which was corroborated by a significant difference 
between the treatment median activities (Kruskai-Wallis, H = 55.49, df = 9, p < 0.001). 
Dunnett's T3 post-hoc comparisons revealed significant differences between the 0.5% 
Sapecron® treatment and all other treatments (figure 5.19). No significant difl'erence was 
found between mean specific activity with any of the garlic concentrations compared to the 
control. The adjuvant oil treatment mean was also not significantly different from the 
treatment mean of the control group. The linear contrast indicated a significant 
relationship between garlic concentration and activity although inspection of the means in 
figure 5.19 suggests a weak relationship 
238 
Source Sums of df Mean F 
S uares S uare 
Between Treatments (Combined) 0.02 9 0.002 12.21 
Linear Term Contrast 0.01 1 0.006 30.84 
Within Treatments 0.04 184 0.0002 
Total 0.06 193 
Table 5.16: ANOVA results for acetylcholinesterase activity in adult Delia radicum. 
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Fig 5.19: Mean specific activity(± SE) of acetylcholinesterase, }Jmol of TNB produced min·1 mg·' 
protein, for D. radicum adults after 24hr exposure to various garlic concentrations and 0. 5% 
adjuvant oil(*) and 0.5% Sapecron® (**)treatments. Superscripts represent homogenous subsets 
that are significantly different to each other (p < 0.05, Dunnett's T3 pair-wise comparison, 
calculated using transformed data) . 
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Carboxylesterase 
Levene's test on the data indicated that they were homoscedastic (p > 0.05), and one-way 
ANOV A revealed a significant difference between the treatment means (F = 5. 04, df = 9, 
p < 0.001, table 5.17). Tukey's post-hoc comparisons split the treatments into three 
overlapping groups, with no significant difference between the treatments within each 
group (figure 5.20). The Sapecron® treatment was significantly different (p < 0.05) to the 
control and only the 5% garlic treatment was significantly different to the control 
treatment. The adjuvant oil treatment was also not significantly different from the control 
group. The linear contrast showed a significant relationship between garlic concentration 
and enzyme activity (F = 36.82, df= I, p < 0.001) and inspection of the treatment means in 
figure 5.5 shows a decrease in carboxylesterase activity with increasing garlic 
concentration. 
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Source Sums of df Mean F Si g. 
S uares S uare 
Between Treatments (Combined) 0.01 9 0.001 5.04 p < 0.001 
Linear Term Contrast 0.01 1 0.010 36.82 p < 0.001 
Within Treatments 0.003 183 0.0001 
Total 0.004 192 
Table 5.17: ANOVA results for carboxylesterase specific activity in adult Delia radicum. 
0.018 ...,--------------------------, 
0.016 
0.014 
~ 0.012 
> ~ 0.010 
() 
t;::: 
·u o.oo8 
Q) 
a. 
(f) 0.006 
0.004 
0.002 
0.000 
a a a,b a,b,c a,b a,b,c a,b,c a,b a,b,c, c 
O% 0.2% 0.4% o 6% o.B% 1.0% 2 O% 5.0% o.5% o·o.5% S" 
Treatment(%) 
Fig 5.20: Mean specific activity (± SE) of carboxylesterase, j.lmol of TNB produced min-1 mg·1 
protein, for D. radicum adults after 24hr exposure to various garlic concentrations and 0. 5% 
adjuvant oil (*) and 0. 5% Sapecron® (**) treatments. Superscripts represent homogenous subsets 
that are significantly different to each other (p < 0. 05, Tukey's pair-wise comparison). 
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Gl11tathione S-tran.iferase 
Levene's test on log10-transformed data indicated that the data were still heteroscedastic (p 
< 0.001}. One-way ANOVA revealed a significant difference between the treatment 
means (F = 17.34, df= 9, p < 0.001, table 5.3}, which was corroborated by a significant 
difference between the treatment median values (Kruskal-Wallis, H = 86.87, df = 9, p < 
0.001). Dunnett's T3 post-hoc comparisons split the treatment means into seven 
overlapping groups, with significant differences between them (figure 5.21 }, giving a very 
confusing picture. Essentially none of the groups was significantly different to the control 
group, with the garlic treatments not significantly different to each other (p < 0.05). All 
the garlic treatments had lower mean glutathione S-transferase specific activities than the 
control group, while the Sapecron® and adjuvant oil group were higher than the control 
although these differences were not significant. Most variation was found between the 
adjuvant oil and Sapecron® with significantly greater activities (p < 0.05} than the garlic 
treatments. 
The linear contrast indicated a significant relationship between garlic concentration and 
activity although inspection ofthe means in figure 5.21 shows that all garlic treatments are 
lower than the control treatment. It is most likely that the higher control mean is 
accounting for the significant linear contrast rather than a rather than there being a true 
relationship. 
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Source Sums of df Mean F Si g. 
S uares S uare 
Between Treatments (Combined) 56777.16 9 6308.57 17.34 p < 0.001 
Linear Term Contrast 14564.90 1 14564.90 40.04 p < 0.001 
Within Treatments 67305.08 185 363.81 
Total 124082.24 194 
Table 5.18: ANOVA results for Glutathione S-transferase specific activity in adult Delia radicum. 
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Fig 5.21: Mean specific activity (± SE) of glutathione S-transferase, J.Jmol of CONB-GSH conjugate 
produced min"1 mg·' protein, for D. radicum adults after 24hr exposure to various garlic 
concentrations and 0. 5% adjuvant oil (*) and 0. 5% Sapecron® (**) treatments. Superscripts 
represent homogenous subsets that are significantly different to each other (p < 0. 05, Dunnett's T3 
pair-wise comparison, calculated using transformed data). 
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5. 3. 7 Delia radicum Lar11ae 
Acetylcholinesterase 
Levene's test on square root transformed data indicated that the data were still 
heteroscedastic with no improvement possible using log10 transformation (p < 0.001). 
One-way ANOVA revealed a significant difference between the treatment means (F = 
6.07, df = 7, p < 0.00 I, table 5.19), which was corroborated by a significant difference 
between the treatment median activities (Kruskai-Wallis, H = 54. 76, df = 7, p < 0.001). 
Dunnett's TJ post-hoc comparisons revealed significant differences between the 0.5% 
Sapecron® treatment and all other treatments (figure 5.22). No significant difference was 
found between mean specific activity in any of the garlic concentrations with control. The 
adjuvant oil treatment was also not significantly different from the control group. 
The linear contrast implied a significant relationship between garlic concentration and 
activity although inspection of the means in figure 5.22 suggests this result to be spurious 
as no real pattern could be discerned, due to variation between the 2 and 5% garlic mixture 
data value, which is almost equal to that of the control, and 0.25% values. 
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Source df F Si g. 
Between Treatments (Combined) 7 6.07 p < 0.001 
Linear Term Contrast 1 19.29 p < 0.001 
Within Treatments 150 
Total 157 
Table 5.19: ANOVA results for acetylcholinesterase specific activity in larvae of Delia radicum. 
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Fig 5.22: Mean specific activity (bars ± SE) of acetylcholinesterase; 11mol of TNB produced min-1 
mg·1 protein, and mean mortality (closed circles± SE) for D. radicum larvae after 4811r exposure to 
various garlic concentrations and 0. 5% adjuvant oil (*) and 0. 5% Sapecron® (**) treatments. 
Superscripts represent homogenous subsets for enzyme activity data that are significantly different 
to each other (p < 0. 05, Dunnett's T3 pair-wise comparison, calculated using transfonned data). 
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Carboxy/eslerase 
Levene's test on the data after square root transformation indicated that the treatment 
variances were homogenous (p > 0.05). One-way ANOV A revealed a significant 
difference between the treatment means (F = 4.29, df= 9, p < 0.001, table 5.20). Tukey's 
post-hoc comparisons split the treatments into three overlapping groups, with no 
significant difference between the treatments within each group (figure 5.23). The 
Sapecron® treatment was the only treatment significantly different (p < 0.05) to the control. 
The linear contrast indicated a significant relationship between garlic concentration and 
enzyme activity (F = 24. 94, df = I, p < 0.00 I). Inspection of the treatment means in figure 
5.23 shows a slight decrease in carboxylesterase activity and garlic concentration. 
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Source Sums of df Mean F Sig. 
S uares S uare 
Between Treatments (Combined) 0.001 7 0.0001 4 .29 p < 0.001 
Linear Term Contrast 0.001 1 0.0076 24.94 p < 0.001 
Within Treatments 0.004 145 0.0003 
Total 0.005 152 
Table 5.20: ANOVA results for carboxylesterase specific activity in laNae of Oelia radicum. 
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Fig 5.23: Mean specific activity(± SE) of carboxylesterase, J.lmol of TNB produced min·1 mg·1 
protein, for D. radicum laNae after 48hr exposure to various garlic concentrations and 0.5% 
adjuvant oil (*) and 0. 5% Sapecron® (**) treatments. Superscripts represent homogenous subsets 
that are significantly different to each other (p < 0. 05, Tukey's pair-wise comparison, calculated 
using transformed data). 
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Glutathione S-tramferase 
Levene's test on logw-transformed data indicated that the data were still heteroscedastic (p 
< 0.001). One-way ANOVA revealed no significant difference between the treatment 
means (F = 0.83, df = 7, p > 0.05, table 5.21 ), which was corroborated by no significant 
difference between the treatment median values (Kruskal-Wallis, H = 7.92, df = 7, p > 
0.05). The linear contrast indicated no significant relationship between garlic 
concentration and activity although inspection of the means in figure 5.24 suggests, a slight 
increase in activity with concentration. 
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Source Sums of df Mean F Sig . 
S uares S uare 
Between Treatments (Combined) 13453.72 7 1921 .96 0.83 p > 0.05 
Linear Term Contrast 5920.40 1 5920.40 2.54 p > 0.05 
Within Treatments 354280.43 152 2330.79 
Total 367734.15 159 
Table 5.21: ANO VA results for glutathione S-transferase specific activity in larvae of Delia radicum. 
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Fig 5.24: Mean specific activity (± SE) of glutathione S-transferase, Jlmol of CDNB-GSH conjugate 
produced milf1 mg-1 protein, for D. radicum larvae after 48hr exposure to various garlic 
concentrations and 0. 5% adjuvant oil (*) and 0. 5% Sapecron® (**) treatments. 
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5.3.8 Musca domestica adults 
Acetylcholinesterase 
Levene's test on log10-transformed data indicated that they were still heteroscedastic (p < 
0.001). One-way ANOVA revealed a significant difference between the treatment means 
(F = 28.99, df = 7, p < 0.00 I, table 5.22), which was corroborated by a significant 
difference between the treatment median activities (Kruskal-Wallis, H = 70.04, df= 7, p < 
0.001). Dunnett's T3 post-hoc comparisons revealed significant differences between the 
0.5% Sapecron® treatment and all other treatments (figure 5.25). No significant difference 
was found between mean specific activity in any of the garlic concentrations with control. 
The adjuvant oil treatment was also not significantly different from the control group. 
The linear contrast indicated a significant relationship between garlic concentration and 
activity (linear contrast, F = 78.51, df= I, p < 0.001, table5.22), inspection of the means in 
figure 5.25 shows a decrease in activity with increasing garlic concentration. 
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Source Sums of df Mean F Sig. 
S uares S uare 
Between Treatments (Combined) 0.10 7 0.014 28.99 p < 0.001 
Linear Term Contrast 0.04 1 0.039 78.51 p < 0.001 
Within Treatments 0.07 150 0.001 
Total 0.18 157 
Table 5.22 ANOVA results for acetylcholinesterase specific activity in adult Musca domestica. 
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Fig 5.25: Mean specific activity(± SE) of acetylcholinesterase, 11mol of TNB produced mh1 mg·1 
protein, for M. domestica adults after 24hr exposure to various garlic concentrations and 0. 5% 
adjuvant oil(*) and 0.5% Sapecron® (**) treatments. Superscripts represent homogenous subsets 
that are significantly different to each other (p < 0. 05, Dunnett's T3 pair-wise comparison, 
calculated using transformed data). 
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Carboxylesterase 
Levene's test on square root transformed data indicated that the treatment variances were 
non-homogenous (p < 0.001). One-way ANOVA revealed a significant difference 
between the treatment means (F = 16.16, df = 7, p < 0.001, table 5.23}, which was 
corroborated by a significant difference between the treatment median activities (Kruskai-
Wallis, H = 82.70, df = 7, p < 0.001}. Dunnett's T3 post-hoc comparisons revealed 
significant differences between the 0.5% Sapecron® treatment and all other treatments 
(figure 5.26}. No significant difference was found between mean specific activity in any of 
the garlic concentrations with control. The adjuvant oil treatment was also not significantly 
different from the control group. 
The linear contrast indicated a significant relationship between garlic concentration and 
activity; inspection of the means in figure 5.26 suggests a decrease in activity with 
increasing garlic concentration. 
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Source Sums of df Mean F Sig. 
S uares S uare 
Between Treatments (Combined) 0.004 7 0.0005 16.16 p < 0.001 
Linear Term Contrast 0.003 1 0 .0029 79.56 p < 0.001 
Within Treatments 0.006 150 0.0004 
Total 0.010 157 
Table 5.23: ANOVA results for carboxylesterase specific activity in adult Musca domestica. 
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Fig 5.26: Mean specific activity(± SE) of carboxylesterase, Jlmol of TNB produced min·1 mg·1 
protein, for M. domestica adults after 24hr exposure to various garlic concentrations and 0. 5% 
adjuvant oil(*) and 0.5% Sapecron® (**) treatments. Superscripts represent homogenous subsets 
that are significantly different to each other (p < 0. 05, Dunnett's pair-wise comparison, calculated 
using transformed data). 
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Between Treatments (Combined) 
Within Treatments 
Total 
Linear Term Contrast 
Deviation 
Sums of 
S uares 
419822021 .64 
1 05726212.22 
314095809.42 
4098409025.54 
4518231047.18 
df Mean Square F Sig. 
7 59974574.52 2.20 p < 0.05 
1 105726212.22 3.87 p > 0.05 
6 52349301.57 1.92 p > 0.05 
150 27322726.84 
157 
Table 5.24: ANOVA results for glutathione $-transferase specific activity in adult Musca domestica. 
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Fig 5.27: Mean specific activity (± SE) of glutathione $-transferase, Jlmol of CDNB-GSH conjugate 
produced, min-1 mg·1 protein, for M. domestica adults after 24hr exposure to various garlic 
concentrations and 0. 5% adjuvant oil (*) and 0. 5% Sapecron® (**) treatments. 
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5. 3. 9 Musca domestica larvae 
A cety/choli nest erase 
Levene's test on square root transformed data indicated that treatment means were still 
non-homogenous (p < 0.05). One-way ANOV A revealed a significant difference between 
the treatment means (F = 22.38, df= 7, p < 0.001, table 5.25), which was corroborated by a 
significant difference between the treatment median activities (Kruskai-Wallis, H = 54.76, 
df = 7, p < 0.001 ). Dunnett's T3 post-hoc comparisons revealed significant differences 
00 between the 0.5% Sapecron · treatment and all other treatments (figure 5.28). No 
significant difference was found between mean specific activity in any of the garlic 
concentrations with control. The adjuvant oil treatment was also not significantly different 
from the control group. 
The linear contrast implied a significant relationship between garlic concentration and 
activity. Inspection of the means in figure 5.28 disputes this as there is no apparent 
increase or decrease in activity, suggesting that caution should be taken with interpreting 
the result, and that there is no strong relationship between garlic concentration and 
acetylcholinesterase activity. 
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Source Sums of df Mean F Si g. 
S uares S uare 
Between Treatments (Combined) 0.002 7 0.0003 22.38 p < 0.001 
Linear Term Contrast 0.001 1 0.0009 64.34 p < 0.001 
Within Treatments 0.002 144 0.0001 
Total 0.004 151 
Table 5.25: ANOVA results for acetylcholinesterase specific activity in larvae of Musca domestica. 
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Fig 5.28: Mean specific activity (± SE) of acetylcholinesterase, Jlmol of TNB produced, min·1 mg·1 
protein, for M. domestic a larvae after 48hr exposure to various garlic concentrations and 0. 5% 
adjuvant oil (*) and 0. 5% Sapecron® (**) treatments. Superscripts represent homogenous subsets 
that are significantly different to each other (p < 0. 05, Dunnett's T3 pair-wise comparison, 
calculated using transformed data) .. 
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Carboxylesterase 
Levene's test on logw-transformed data indicated that the treatment means were still non-
homogenous (p < 0.001). One-way ANOVA revealed a significant difference between the 
treatment means (F = 3.46, df = 7, p < 0.05, table 5.26), which was corroborated by a 
significant difference between the treatment median activities (Kruskal-Wallis, H = 28.70, 
df = 7, p < 0.001). Dunnett's T3 post-hoc comparisons revealed significant differences 
between the 0.5% Sapecron® treatment and all other treatments (figure 5.29). No 
significant difference was found between mean specific activity in any of the garlic 
concentrations with control. The adjuvant oil treatment was also not significantly different 
from the control group. 
The linear contrast implied a significant relationship between garlic concentration and 
activity. Inspection of the means in figure 5.29 disputes this as there is no apparent 
increase or decrease in activity, and the 5% concentration mean activity is not significantly 
different to that of the control. There is a decrease in activity between 0.5% and 5% which 
is most likely giving the significant result of the linear contrast. 
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Source Sums of df Mean F Si g. 
S uares S uare 
Between Treatments (Combined) 0.03 7 0.004 3.46 p < 0.05 
Linear Term Contrast 0.01 1 0.008 7.85 p < 0.05 
Within Treatments 0.16 152 0.001 
Total 0.19 159 
Table 5.26: ANOVA results for carboxylesterase specific activity in larvae of Musca domestica. 
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Fig 5.29: Mean specific activity(± SE) of carboxylesterase, JJmol of TNB produced, min-1 mg·1 
protein, for M. domestica larvae after 4Bhr exposure to various garlic concentrations and 0. 5% 
adjuvant oil(*) and 0.5% Sapecron® (**) treatments. Superscripts represent homogenous subsets 
that are significantly different to each other (p < 0. 05, Dunnett's T3 pair-wise comparison, 
calculated using transformed data) .. 
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Glutathione S-tramferase 
Levene's test on square root transformed data indicated that the treatment variances 
homogenous (p > 0.05). One-way ANOV A revealed a significant difference between the 
treatment means (F = 3.20, df = 7, p < 0.05, table 5.27. Tukey's post-hoc comparisons 
revealed significant differences between the 0.5% Sapecron<!l treatment and all other 
treatments (figure 5.30). No significant difference was found between mean specific 
activity in any of the garlic concentrations with control. The adjuvant oil treatment was 
also not significantly different from the control group. 
The linear contrast implied a significant relationship between garlic concentration and 
activity (linear contrast, F = I 5.78, df = I, p < 0.00 I, table 5.27), inspection of the means 
in figure 5.30 indicate a decrease in enzyme activity with increasing garlic concentration. 
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Source 
Between Treatments (Combined) 
Within Treatments 
Total 
Linear Term Contrast 
Deviation 
Sums of 
S uares 
62010.19 
43695.89 
18314.31 
420816.76 
482826.96 
df 
7 
1 
6 
152 
159 
Mean Square F Sig. 
8858.60 3.20 p < 0.05 
43695.89 15.78 p < 0.001 
3052.38 1.10 p > 0.05 
2768.53 
Table 5.27: ANOVA results for glutathione S-transferase specific activity in larvae of Musca 
domestica. 
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Fig 5.30: Mean specific activity (± SE) of glutathione S-transferase, IJmol of CDNB-GSH conjugate 
produced, min·' mg·1 protein, for M. domestica larvae after 48hr exposure to various garlic 
concentrations and 0.5% adjuvant oil(*) and 0.5% Sapecron® ("*)treatments. Superscripts 
represent homogenous subsets that are significantly different to each other (p < 0. 05, Tukey's pair-
wise comparison, calculated using transformed data) .. 
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5.4 Discussion 
Exposure of pure enzyme solutions to the treatments showed how effective the Sapecron® 
pesticide was as an inhibitor of esterase enzymes. Both acetylcholinesterase and 
carboxylesterase showed significant reductions in activity when compared to the control 
treatments. This is unsurprising as the organophosphorus insecticides are specifically 
designed to inhibit these enzymes (Cremlyn 1991 ); this specificity is supported by there 
being no response of the glutathione S-transferase enzyme activity after exposure to 
Sapecron®. Pure acetylcholinesterase activity showed no significant linear relationship 
with garlic oil and adjuvant mixture concentration, but had significantly greater activities 
when exposed to garlic concentrations, except in the 0.25% and 10% garlic treatments. 
This increase in activity could be due to several things: an increase in enzyme amount, a 
stimulation of the existing enzyme, or an increase in substrate concentration. As the 
amount of enzyme is constant, an increase in activity could result from either an activation 
of the existing enzyme or an increase in the concentration of substrate. It is possible that 
the enzyme is using both the acetylthiocholine and the garlic sulfide compounds as 
substrates, thus increasing the activity, as any breakdown products would likely contain 
sulfur, which could react with the thiol group of DTNB. The thiol group of the DTNB 
may also react directly with the garlic sulfides chemically to form a mixed disulfide and 
TNB, thus producing an increase in absorbance independent of the enzymatic reaction. It 
is most likely that the increase in activity is due to a reaction between the DTNB and the 
sulfur groups in the garlic compounds, and the magnitude of the reaction increases as the 
with the garlic oil concentration. However, the size of this effect begins to return to 
normal at concentrations greater than 1%, this could be due to most of the reaction 
occurring before the microtitre plate is placed in the spectrophotometer and the activity 
measured. As most of the reaction will have taken place, the rate measured will appear 
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slower as there will be less DTNB for the garlic compounds to react with; it is therefore 
unlikely that the observed rise and fall in activity is due to the activity of the enzyme. 
Exposure of either species at each life stage to the garlic oil and adjuvant mixture in vivo 
did not affect acetylcholinesterase activity. The corresponding mortality data for the in 
vivo exposure discussed in chapter four shows that both adult and larval mortalities 
increase with increasing garlic concentration in both species, clearly indicating that the 
garlic oil has a toxic effect on the insects. In all cases, the Sapecron® treatments have very 
high mortalities, generally 90-100% in adults and around 50% in larvae, with 
corresponding very low acetylcholinesterase activities. In the garlic treatments comparable 
mortalities to that of the Sapecron® treatment in the adults and larvae were found at around 
5%, assuming that acetylcholinesterase inhibition by the garlic compounds was responsible 
for this level of mortality then it follows that the acetylcholinesterase activity in the 5% 
garlic treatment should be comparable to that of the Sapecron"' treatment. The 
acetylcholinesterase activity data in this chapter, whether in vitro or in vivo indicate that 
this is not the case, therefore, it is highly unlikely that mortality of M. domestica and D. 
radicum individuals is attributable to acetylcholinesterase inhibition, contrary to the 
conclusions ofBhatnagar-Thomas & Pal ( 1974b ). 
Bhatnagar-Thomas & Pal (1974a) showed that significant mortality in larvae and adults of 
M. domestica can be achieved on exposure to vapours of a mixture of diallyl di and 
trisulfide. Their further work (Bhatnagar-Thomas & Pal 1974b) showed that 
acetylcholinesterase was not inhibited in the adults when using treated homogenates in 
vitro or exposing adults in vivo although they did note increases in acetylcholine after 
exposure; however, acetylcholinesterase activity did decrease in the larvae in both in vitro 
and in vivo experiments with corresponding acetylcholine increases. The lack of 
acetylcholinesterase inhibition in the adults was suggested to be due to reactivation of the 
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enzyme by a 'labile reactivation factor' released on homogenisation. The data presented in 
this chapter showed that there is no inhibition of acetylcholinesterase in either life stage of 
either species; furthermore, inhibition was not achieved when a pure source of 
acetylcholinesterase was exposed. Why the two studies do not corroborate is not clear, 
although the two studies did use different methods to assess acetylcholinesterase activity. 
Bhatnager-Thomas and Pal (1974b) determined the amount of acetylcholine remaining in 
the reaction mixture to assess activity of the acetylcholinesterase after a fixed period of 
time, whereas the studies here used direct assessment of activity by using a chromogenic 
compound (DTNB) which reacts with the breakdown products of the substrate. Their in 
vivo studies also only used the heads of the exposed individuals for the assay whereas this 
study used whole body homogenates throughout, thus increasing the chances of 
acetylcholinesterase coming into contact with any 'labile reactivation factors' that may be 
present. Nevertheless, the failure of the pure acetylcholinesterase source to respond to the 
garlic compounds where it is assured that there is no reactivation factor strongly suggests 
that acetylcholinesterase is not inhibited by the garlic and adjuvant oil mixture. 
Carboxylesterase and glutathione S-transferase activities were significantly inhibited in 
vitro by increasing concentrations of the garlic oil and adjuvant mixture. The 
carboxylesterases and glutathione S-transferases are noted for their role in the detoxication 
of pesticides (Karoly et al. 1996; Newcomb et al. 1997; Chanda et al. 1997; Suzuki & 
Hama 1998; Kostaropoulos et al. 2001a; Kostaropoulos et al. 200lb), this is achieved by 
carboxylesterases catalysing the hydrolysis of the pesticide in question to a less toxic form, 
or the glutathione S-transferases conjugating the pesticide to reduced glutathione (GSH) 
allowing excretion of the compound. One other way in which carboxylesterase and 
glutathione S-transferase could protect pesticide damage is by 'mopping up' toxicants. 
This is achieved by the enzyme becoming inhibited in a way that binds the toxicant to the 
active site preventing the enzyme from working. Whilst this is undesirable for the enzyme 
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function of carboxylesterase and glutathione S-transferase, it does mean that a molecule of 
the toxicant is no longer free within the cell. Thus, the effective amount of the toxicant 
and its ability to react with other enzymes is reduced. 
In this case, carboxylesterase and glutathione S-transferase in vitro were inhibited by the 
garlic compounds, so it is possible that the garlic compounds are 'mopped up'. 
Carboxylesterase and glutathione S-transferase activities in vivo however, vary between 
both life stage and species. Carboxylesterase activity decreases with increasing garlic 
concentration in larvae and does not respond in the adults, whilst glutathione S-transferase 
doesn't respond in the larvae of D. radicum and the adults of M. domestica, but decreases 
with garlic concentration in D. radicum adults and M. domestica larvae. This variability in 
effect suggests that inhibition of the enzymes is unlikely to be solely responsible for 
mortality, as mortality effects are consistent between the life stages and species. This 
contrasts with the effects of Sapecron®, for which high mortality corresponded to low 
acetylcholinesterase activity. 
In conclusion, the results of this chapter show that the garlic compounds can inhibit pure 
carboxylesterase and glutathione S-transferase, however this effect was not reproduced 
consistently in vitro using fly homogenates, or in vivo with exposed individuals. It is 
therefore unlikely that inhibition or modulation of the activity of the enzymes studied here 
was responsible for the mortality of the individuals. These data still leave the question as 
to how garlic causes mm1ality unanswered. The potential for the polysulfide compounds 
in the garlic oil to react with thiol compounds could well provide an important possible 
mechanism of toxicity. Their reaction with thiol compounds is apparent in their ability to 
inhibit the glutathione S-transferase enzymes which contains a thiol group (Halliwell & 
Gutteridge 1999). The ability of disulfides to react with thiols could also lead to the 
possible depletion in reduced glutathione (GSH), explored in the next chapter. 
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6.0 Introduction 
Glutathione is a tripeptide (glutamic acid-cysteine-glycine) essential to the fi.mctioning of 
all cells within an organism; it is used in free radical and xenobiotic detoxification, 
prevents the oxidation and cross-linking of protein thiol groups, and is essential in the 
detoxification ofthe oxidant hydrogen peroxide (H20 2) (Yu 1996; Halliwell & Gutteridge 
1999). These processes rely on the maintenance of a large pool of glutathione in its 
reduced form (GSH). GSH reacts with free radicals (e.g. reactive oxygen species; ROS 
and reactive nitrogen species; RNS. Figure 6.0; I) spontaneously (Halliwell & Gutteridge 
1999) and is essential as a co-factor for glutathione peroxidase, which catalyses the 
reduction of H20 2 to water through the oxidation of GSH (figure 6.0; 2). GSH is also 
essential in the detoxification of electrophilic toxins by conjugation, catalysed by the 
enzyme glutathione S-transferase (figure 6.0; 3). Once formed, these conjugates are 
removed from the cell via the glutathione .\·-conjugate export pump (Yu ·1996. Figure 6.0; 
4). The conjugated compounds are then transformed (particularly in animals. Figure 6.0; 
5) to give mercapturic acid which is excreted, and a glutamyl group which is conjugated 
enzymatically to another amino acid before being transported back into the cell where it is 
converted to glutamate (Dykstra & Dauterman 1978; Ishikawa 1992). These processes 
lead to the formation of oxidised glutathione, GSSG, a glutathione dimer, linked by a 
disulphide bridge; the consequence of oxidising the thiol of the cysteine amino acid 
(Halliwell & Gutteridge 1999). This oxidised form of glutathione is purposefi!lly kept to a 
minimum by glutathione reductase, which reduces GSSG leaving two GSH molecules 
(figure 6.0; 6), because it is highly reactive with thiol containing proteins and compounds 
due to the disulphide in the GSSG structure (Halliwell & Gutteridge 1999). 
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Fig 6.0: Metabolic processes involved in the detoxification of exogenous and endogenous toxins requiring glutathione. 
The ability of disulphides to spontaneously react with thiol groups is a potential mode of 
action for the garlic compounds. The activity of mitochondrial transport proteins, in 
particular adenylate translocase, responsible for the exchange of ADP and ATP across the 
inner mitochondrial membrane, can be inhibited by thiol-modifying agents (Fony6 1978). 
The potential for polysulfides such as the disulfides found in garlic oils (Block 1985), to 
react with thiols suggest that thiol-disulfide exchange may be a possible mode of action of 
garlic oils. Any corresponding inhibition of these enzymes would be indicated by raised 
levels of lactate due to the inhibition of oxidative phosphorylation, and a switch to 
anaerobic energy production (Gilbert 1992). Ultimately this would cause the death of the 
cell by metabolic exhaustion, and subsequent death of the exposed individual. 
The mode of action of garlic could be due to a number of processes. At its most basic, the 
polysultides may react spontaneously with glutathione itself leading to a decrease in the 
reduced glutathione pool. The cells could respond to the polysulfides by eliciting their 
removal through conjugation to glutathione by glutathione S-transferase, again depleting 
the GSH pool. There is also evidence that at certain concentrations garlic oils act as 
oxidants (Kwon et al. 2002) which lead to a reduction of the glutathione pool. These 
possible reactions of garlic with glutathione can be monitored by the determination of the 
content of reduced and oxidised glutathione within treated individuals. Monitoring total 
glutathione amount would also allow the determination of any up-regulation in glutathione 
production. Assessment of the possible inhibition of mitochondrial function by garlic 
compounds or intracellular garlic metabolites can be assessed by the determination of 
whole body lactate content of exposed individuals. 
This chapter sets out to determine the effects of the garlic oil on the glutathione and lactate 
pool. 
269 
6.1 Effect of Garlic Oil on the Glutathione Pool 
6.1.1 Method 
The total glutathione content of exposed individuals, and corresponding amounts of the 
reduced (GSH) and oxidised (GSSG) forms was determined using a modified version of 
Griffith's (1980) method, as reported by Sugiyama and Natori (1994). The reaction is 
cyclic, where glutathione is sequentially oxidised by 5,5'-dithiobis-(2-nitrobenzoic acid) 
(DTNB) and then reduced by nicotinamide adenine dinucleotide phosphate (NADPH) in 
the presence of glutathione reductase. Total glutathione content is assayed by monitoring 
the rate of production of 2-nitro-5-benzoic acid (TNB), by recording the mean rate of 
change of absorbance of the reaction mixture at 412nm. The proportion GSSG was 
determined by derivatising the GSH using 2-vinylpyridine. This 'masks' the GSH from 
the reaction allowing the rate of change of absorbance, as a consequence of TNB 
production to be monitored. This is achieved by the reduction of the GSSG to GSH by the 
glutathione reductase in the solution, allowing oxidation of DTNB by the resultant un-
masked GSH. Calculation of GSH is done by subtraction of the total amount of GSSG 
from the total amount of glutathione. 
6.1. 2 Chemicals used 
All chemicals were purchased from Sigma-Aidrich Itd. A 50mM buffer solution of was 
made up using NaHP04 and KH2P04 in distilled water, and adjusted to pH 7.5 ± 0.1. The 
solution was kept at 4°C for up to one month. The pH was checked and adjusted where 
necessary before use. An 8% solution of perchloric acid (PCA) was made up using 
distilled water, for sample homogenisation. A OJmM solution of reduced nicotinamide 
adenine dinucleotide phosphate (NADPH) and a 6mM solution of DTNB were made up 
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using the buffer solution and stored in amber bottles to prevent light induced chemical 
reactions. A 10 Unit ml" 1 (where I unit is sufficient to reduce I J.lM of GSSG) solution of 
glutathione reductase and a 16% solution of potassium hydroxide (KOH) were made up 
using sodium phosphate buffer. All solutions were made up fresh before the experiment 
except the sodium phosphate buffer, and kept on ice prior to use in the assays. Neat 2-
vinylpyridine was used to derivatise free GSSG in sample homogenates. The garlic oil and 
adjuvant oil were provided by ECOspra/' Ltd. 
6.1.3 Fly exposure 
In order to assess the effect of garlic exposure on the flies, concentrations of garlic were 
chosen to give sub-lethal effects up to approximately 50% mortality levels. The number of 
individuals was increased to 15 per tube as only live individuals at the end of the exposure 
were used, to ensure that the GSH : GSSG ratio was not altered due to processes occurring 
after mortality. Exposure of the individuals was conducted according to the method in 
section 4.2.1 of chapter four. The experiment was run for 24hrs, with five replicates of 
each treatment for each species and life stage. The 1.2 : I mixture (garlic oil : adjuvant oil) 
was used for all garlic treatments; treatments were: 
D. radicum adults Control (water}, 0.1, 0.25, and 0.5% garlic oil, 0.5% adjuvant oil 
M domestica adults Control (water), 0.5, !,and 2% garlic oil, 0.5% adjuvant oil 
Larvae Control (water). I, 2, and 5% garlic oil, 0.5% adjuvant oil 
6.1.4 Sample preparation 
Following treatment exposure, the live individuals were separated and frozen at -80°C. 
After freezing the samples were homogenised using a pellet pestle 111 rnicro centrifuge 
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tubes with four parts ice cold 8% perchloric acid (PCA) per one part fly-weight, the sample 
was mixed by gentle inversion and then kept on ice for I 5 minutes to deproteinise the 
homogenate formed to prevent enzymatic reduction of GSSG. After 15 minutes the 
samples were centrifuged for 30 seconds at 15000g, after which the supernatant was 
carefully removed for analysis. This deproteinised extract was split into two aliquots, and 
placed into separate fresh microcentrifuge tubes. To one of the aliquots 2-vinylpyridine 
was added at a rate of 2Jll per I OOJ.!I of sample. These aliquots were then neutralised by 
adding 40Jll of 16% KOH per IOOJll of sample. Aliquots were mixed by inversion and 
kept on ice until required for assay. Prior to analysis, the aliquots were spun at 15000g for 
30 seconds to separate out the precipitate. 
6. 1.5 Glutathione determination 
Samples were assayed by mixing 70Jll of NADPH, lO~tl of DTNB and IOJll of the 
appropriate sample in triplicate wells of a 96 well u-bottomed micro titre plate. The 
aliquot containing the 2-vinylpyridine was used to determine GSSG amount and the other 
without 2-vinylpyridine used to determine total glutathione (both GSH and GSSG) of the 
sample_ Six blank wells were set up in this fashion using 8% PCA neutralised with 16% 
KOH at a ratio of 4:10 (KOH : PCA) instead of homogenate. 10Jll of the 10 Unit mr 1 
glutathione reductase solution was then added, and the mean absorbance change of the 
solution assayed using a Molecular Devices ltd, Optimax tuneable micro plate 
spectrophotometer at 412nm over 2.5 minutes. The mean blank absorbance value was 
subtracted from the sample wells in order to give the true change in absorbance. A series 
of GSH standards were assayed for total GSH amount using the same method in order to 
produce a standard curve. Standards were prepared in neutralised 8% perchloric acid (40!-11 
ofKOH per lOOJll ofPCA), using fresh GSH at: 100, 50, 25, 12.5, 10, 0.1, and 0.001 nM. 
The mean absorbance change for each of the GSH solutions was plotted against GSH 
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concentration and the line of best fit plotted. Calculation of the equation of the line 
enabled the estimation of total glutathione amount in the samples for a given absorbance. 
The amount of reduced glutathione was calculated by subtracting the amount of oxidised 
glutathione, and the ratio of GSH to GSSG calculated. All values were standardised for 
the weight of fly material used. 
6. 1. 6 Statistical analysis 
The equation of the standard curve was calculated using linear regression, and comparisons 
between treatment means were conducted using one-way ANOV A on log or square root 
transformed data where variances were found to be heteroscedastic using Levene's test. 
When square root or log transformations did not improve heteroscedasticity, a Box-Cox 
transformation was applied (Krebs 1999). Where data was still found to be heteroscedastic 
the ANOV A was performed and the result checked using a non-parametric Kruskai-Wallis 
test, where the results conflicted, the Kruskai-Wallis test was accepted; where they agreed 
the ANOV A result was accepted. A linear contrast was applied to the garlic treatments as 
part of the ANOV A model in order to determine significant relationships between garlic 
mixture concentration and glutathione amount (either GSH, GSSG or total glutathione). 
Post hoc analysis was performed using Tukey's pair -wise comparison test for 
homoscedastic data and Dunnett's T3 pair-wise comparison test for heteroscedastic data. 
No post hoc analysis is available for Kruskai-Wallis results, so differences between 
treatments was determined by comparison of 95% confidence intervals (Cl) plotted for 
treatment means. 
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6.1.9 Delia radicum adults 
Total glutathione content 
Treatment variances were homoscedastic so no transformation was required, one-way 
ANOVA indicated a significant difference between the treatments (F = 6.08, df = 4, p < 
0.01, table 6.1) with a significant increase in glutathione content with increasing garlic 
concentration (linear contrast, F = 15.74, df= I, p < 0.01, table 6.1). Tukey's pair-wise 
comparison (figure 6.2) indicated no significant difference between the control and garlic 
treatments, and a significant difference between the oil treatment and the control. 
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Source Sums of df Mean Square F Si g. 
S uares 
Between Treatments (Combined) 5.57 X 10 4 1.37 x 1 a· 6 .09 p < 0.01 
Linear Term Contrast 3.54 X 10·8 1 3.54 x 1 o-a 15.76 p < 0.01 
Within Treatments 3.82 X 10·8 17 0.23 X 10.8 
Total 9.29 X 10·8 21 
Table 6.1: ANOVA results for total glutathione content (GSH and GSSG) in adult D. radicum 
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Fig 6.2: Mean total glutathione content (GSH and GSSG) in fmol I mg wet weight(± SE) for D. 
radicum adults. Treatment percentages refer to concentration of garlic oil in distilled water. 5 
replicate tubes of 15 D. radicum adults exposed. Superscripts indicate homogenous subsets that 
are significantly different to each other (Tukey's pair-wise comparison, p < 0. 05, calculated using 
transformed data). N. B. 0.5% Oil is adjuvant oil diluted in water. 
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Reduced glutathione content (GSH) 
Treatment variances were homoscedastic so no transformation was required, one-way 
ANOVA indicated a significant difference between the treatments (F = 7.64, df = 4, p < 
0.01, table 6.2). A significant increase in mean GSH content was noted (linear contrast, F 
= 23. 57, df = 1, p < 0.0 I, table6.2) with increasing garlic concentration. Tu key's pair-wise 
comparison indicated a significant difference between the control and oil treatment means. 
No significant difference was found between the garlic treatment and the control means 
(figure 6.3). 
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Source Sums of df Mean Square F Sig. 
S uares 
Between Treatments (Combined) 7.87 X 10· 4 1.97x10· 7.64 p < 0.05 
Linear Term Contrast 6.07 x 1 o·8 1 6 .07 X 10'8 23.57 p < 0.05 
Within Treatments 4.37 X 10'8 17 0.26 X 10'8 
Total 12.24 X 10'8 21 
Table 6.2: ANOVA results for reduced glutathione content (GSH) in adult D. radicum 
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Fig 6.3: Mean GSH content in fmol I mg wet weight {± SE) for D. radicum adults. Treatment 
percentages refer to concentration of garlic oil in distilled water. 5 replicate tubes of 15 D. radicum 
adults exposed. Superscripts indicate homogenous subsets that are significantly different to each 
other (Tukey's pair-wise comparison, p < 0.05, calculated using transfonned data). N. B. 0.5% Oil 
is adjuvant oil diluted in water. 
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Source Sums of df Mean Square F Si g. 
S uares 
Between Treatments (Combined) 2.0 X 10 4 0.51 X 10· 1.80 p > 0.05 
Linear Term Contrast 1.5 X 10-6 1 1.50 X 10-6 5.45 p < 0.05 
Within Treatments 4.8 X 10-6 17 0.28 X 10-6 
Total 6.8 X 10-6 21 
Table 6.3: ANOVA results for oxidised glutathione content (GSSG) in adult D. radicum 
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Fig 6.4: Mean GSSG content in fmo/ I mg weight(± SE) for D. radicum adults. Treatment 
percentages refer to concentration of garlic oil in distilled water. 5 replicate tubes of 15 D. radicum 
adults exposed. N.B. 0.5% Oil is adjuvant oil diluted in water. 
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6. 1. 10 Delia radicum larvae 
Total glutathione content (GSH and GSSG) 
No transformation was required as the treatment variances were homoscedastic; one-way 
ANOV A indicated a significant difference between mean glutathione content (F = 45.52 df 
= 4, p < 0.01, table 6.4). A significant negative relationship between glutathione content 
and garlic concentration was noted (linear contrast, F = 28.55, df= 1, p < 0.01, table 6.4). 
Tukey's pair-wise comparison indicated that each garlic treatment was significantly 
different to the control and each other (p < 0.05, figure 6.5). Only the oil treatment was not 
significantly different to the control treatment. 
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Source Sums of df Mean Square F Sig. 
S uares 
Between Treatments (Combined) 8.41 x 1o· 4 2.10 X 10· 15.51 p < 0.01 
Linear Term Contrast 1.32 X 10·7 1 1.32 X 10"7 28.55 p < 0.01 
Within Treatments 0.92 X 10·7 20 0.05 X 10"7 
Total 0.93 x 10"7 24 
Table 6.4: ANOVA results for total glutathione content (GSH and GSSG) in D. radicum larvae 
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Fig 6.5: Mean total glutathione content (GSH and GSSG) in fmol I mg wet weight (± SE) for D. 
radicum larvae. Treatment percentages refer to concentration of garlic oil in distilled water. 5 
replicate tubes of 15 D. radicum larvae exposed. Superscripts indicate homogenous subsets that 
are significantly different to each other (Tukey 's pair-wise comparison, p < 0. 05, calculated using 
transformed data). N. B. 0. 5% Oil is adjuvant oil diluted in water. 
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Reduced glutathione content (GSH) 
The treatment variances were still heteroscedastic after Box-Cox transformation was 
performed; one-way ANOV A indicated a significant difference between mean reduce 
glutathione content (F = 32.30, df = 4, p < 0.0 I, table 6.5) supported by a significant 
difference between the treatment medians (Kruskai-Wallis, H = 20.92, df= 4, p < 0.001) 
A significant negative relationship between glutathione content and garlic concentration 
(linear contrast, F = 91.15, df= l,p < 0.01, table 6.5) was found. Dunnett's T3 pair-wise 
comparisons revealed no significant difference between the control and 1% treatments. 
The 2 and 5% treatments were significantly different (p < 0.05, figure 6.6). 
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Source Sums of df Mean Square F Si g. 
Between Treatments (Combined) 4 1.31 X 10- 32.30 p < 0.01 
Linear Term Contrast 1 3.70 X 10-6 91 .1 5 p < 0.01 
Within Treatments 20 0.04 X 10-6 
Total 24 
Table 6.5: ANOVA results for reduced glutathione content (GSH) in D. radicum larvae 
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Fig 6.6: Mean GSH content in fmol I mg wet weight(± SE) for D. radicum larvae. Treatment 
percentages refer to concentration of garlic oil in distilled water. 5 replicate tubes of 15 D. radicum 
larvae exposed. Superscripts indicate homogenous subsets that are significantly different to each 
other (Tukey's pair-wise comparison, p < 0.05, calculated using transformed data). N.B. 0.5% Oil 
is adjuvant oil diluted in water. 
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Oxidised glutathione content 
One-way analysis on logw-transformed data revealed a significant difference between the 
treatment means (F = 57.82, df = 4, p <0.0 I, table6.6). A significant positive relationship 
was also found using linear contrast analysis (F = 179.52, df= I, p <O.OI). Tukey's pair-
wise comparison split the treatments into two groups significantly different groups (p < 
0.05, figure 6.7); one containing the control and I% garlic treatment and the other 
containing the remaining garlic and oil treatments. 
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Source Sums of df Mean Square F Sig. 
S uares 
Between Treatments (Combined) 36.52 4 9.13 57.82 p < 0.01 
Linear Term Contrast 28.35 1 28.35 179.52 p < 0.01 
Within Treatments 2.62 17 0.16 
Total 39.20 21 
Table 6.6: ANOVA results for oxidised glutathione content (GSSG) in D. radicum larvae 
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Fig 6.7: Mean GSSG content in fmol I mg weight(± SE) for D. radicum larvae. Treatment 
percentages refer to concentration of garlic oil in distilled water. 5 replicate tubes of 15 D. radicum 
larvae exposed. N.B; Control mean= 1.99 x 10·9, 1% mean= 3.44 x 1CJ10 fmol lmg wet weight. 
Superscripts indicate homogenous subsets that are significantly different to each other (Tukey's 
pair-wise comparison, p < 0.05, calculated using transformed data). N. B. 0.5% Oil is adjuvant oil 
diluted in water. 
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6. 1.11 Musca domestica adults 
Total glutathione content (GSH and GSSG) 
Treatment variances were homoscedastic so no transformation was required, one-way 
ANOV A revealed a significant difference between the mean total glutathione amounts of 
the treatments (F = 22.38, df = 4, p < 0.001, table 6.7). A significant decrease in total 
glutathione content was noted with increasing garlic concentration (Linear contrast, F = 
36.22, df = I, p < 0.00 1, table 6. 7). Tu key's pair-wise comparisons revealed no significant 
difference between the control and the oil and 0.5% garlic treatments. The 1.0% and 2.0% 
garlic treatments were significantly different to the control treatment (p < 0.05, figure 6.8). 
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Source Sums of df Mean Square F Si g. 
S uares 
Between Treatments (Combined) 0.23 X 10 4 5.73 X 10· 22.38 p < 0.001 
Linear Term Contrast 9.29 X 10-6 1 9.29 X 10-8 35.22 p < 0.001 
Within Treatments 5.13x10-a 20 0.26 X 10-8 
Total 0.28 X 10-6 24 
Table 6.7: ANOVA results for total glutat11ione content (GSH and GSSG) in adult M. domestica. 
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Fig 6.8: Mean total glutathione content (GSH and GSSG) in fmol I mg wet weight(± SE) for M. 
domestica adults. Treatment percentages refer to concentration of garlic oil in distilled water. 5 
replicates tubes of 15 M. domestica adults exposed. Superscripts indicate homogenous subsets 
that are significantly different to eac/1 other (Tu key's pair-wise comparison, p < 0. 05, calculated 
using transformed data). N.B. 0.5% Oil is adjuvant oil diluted in water. N. B. 0.5% Oil is adjuvant oil 
diluted in water. 
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Reduced glutathione content (GSH) 
Square root transformation of the data did not reduce variation between the treatment 
variances, with no improvement when using a Box-Cox transformation (Levene's, p < 
0.05). One-way ANOV A on square root transformed data revealed no significant 
difference between the treatment means, supported by there being no significant difference 
between the treatment medians (Kruskal-Wallis test). A significant decrease in reduced 
glutathione content was noted with increasing garlic concentration (F = 4.66, df = I, p < 
0.05, table 6.8 and figure 6.9). 
290 
Source Sums of df Mean Square F Si g. 
S uares 
Between Treatments (Combined) 4.36 X 10· 4 1.09 x 1 o· 1.61 p > 0.05 
Linear Term Contrast 3.17 X 10·5 1 3.17 X 10·5 4.66 p > 0.05 
Within Treatments 13.6 X 10·5 20 0.68 X 10·5 
Total 17.96 x 1 o·5 24 
Table 6.8: ANOVA results for reduced glutathione content (GSH) in adult M. domestica. 
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Fig 6.9: Mean GSH content t in fmol I mg wet weight (± SE) for M. domestica adults. Treatment 
percentages refer to concentration of garlic oil in distilled water. 5 replicate tubes of 15 M. 
domestica adults exposed. N. B. 0. 5% Oil is adjuvant oil diluted in water. 
29 1 
Oxidised glutathione content (GSSG) 
One-way ANOV A conducted on log 10-transformed data indicated a significant difference 
between the treatment mean GSSG content (F = 48.01, df = 4, p < 0.001, table 6.9). A 
significant negative relationship between garlic concentration and GSSG content was noted 
indicated by a significant linear contrast result (F = 15.95, df = 1, p < 0.001, table 6.9). 
Tu key's pair-wise comparisons revealed a significant difference between the I% and 2% 
treatments and the control (p < 0.05, figure 6.10). No significant difference was found 
between the control oil and 0.5% garlic treatments. 
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Source Sums of df Mean Square F Sig. 
S uares 
Between Treatments (Combined} 15.74 4 2.50 48.01 p < 0.001 
Linear Term Contrast 1.41 1 0.83 15.95 p < 0.001 
Within Treatments 1.29 19 0.52 
Total 17.03 23 
Table 6.9: ANOVA results for oxidised glutathione content (GSSG) in adult M. domestica . 
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Fig 6.10: Mean GSSG content in fmol I mg wet weight(± SE) for M. domestica adults. Treatment 
percentages refer to concentration of garlic oil in distilled water. 5 replicate tubes of 15 M. 
domestica adults exposed. N.B. 1.0% mean= 9.32 x 10·9, 2.0% mean= 0.116 x 10·9. Superscripts 
indicate homogenous subsets that are significantly different to each other (Tukey's pair-wise 
comparison, p < 0. 05, calculated using transformed data). N. B. 0. 5% Oil is adjuvant oil diluted in 
water. 
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6. 1. 12 Musca domestica larvae 
Total glutathione content (GSH and GSSG) 
One-way ANOV A showed a significant difference between the mean total glutathione 
content of the treatments (F = 34.06, df= 4, p < 0.001, table 6.1 0). There was a significant 
negative relationship between mean total glutathione content and garlic concentration 
(linear contrast, F = 5.6, df= I, p < 0.05, table 6.10). Tu key's pair-wise comparisons split 
the treatments into two significantly different groups (p < 0.05, figure 6. I I); one indicating 
no significant difference between the control, oil and I% garlic treatments and the other 
containing the 2% and 5% garlic treatments. 
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Source Sums of df Mean Square F Si g. 
S uares 
Between Treatments (Combined) 4.75x1 0 4 1.19x10 34.06 p < 0.001 
Linear Term Contrast 0.1 9 X 10-8 1 0.19x10·8 5.60 p < 0.05 
Within Treatments 0.70 X 10-8 20 0.03 X 10·8 
Total 5.44 X 10-8 24 
Table 6.10: ANOVA results for total glutathione content (GSH and GSSG) in M. domestica larvae. 
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Fig 6.11: Mean total glutathione content (GSH and GSSG) in fmol I mg wet weight(± SE) for M. 
domestica larvae. Treatment percentages refer to concentration of garlic oil in distilled water. 5 
replicate tubes of 15 M. domestica larvae exposed. Superscripts indicate homogenous subsets 
that are significantly different to each other (Tukey's pair-wise comparison, p < 0. 05, calculated 
using transformed data). N. B. 0.5% Oil is adjuvant oil diluted in water. 
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Total reduced glutathione content (Gc'\'H) 
One-way ANOV A showed a significant difference between the reduced glutathione mean 
contents (F = 24.52, df = 4, p < 0.00 I, table 6.1 0). A significant negative relation ship 
between the reduced glutathione content and garlic concentration was noted (linear 
contrast, F = 8.01, df = 1, p < 0.05, table 6.10 and figure 6.12). Tukey's pair-wise 
comparison revealed a significant difference between the 2% and 5% garlic treatments 
when compared to the control (p < 0.05, figure 6.12). No significant difference was found 
between the control treatment and the I% garlic and oil treatments. 
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Source Sums of df Mean Square F Si g. 
Between Treatment (Combined) 4 1.03 X 10· 10.14 p < 0.001 
Linear Term Contrast 1 0.21 x 1 o·14 2.02 p < 0.05 
Within Treatments 20 0.10x10-14 
Total 24 
Table 6.11: ANOVA results for reduced glutathione content (GSH) in M. domestica larvae. 
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Fig 6.12: Mean GSH content in fmol I mg wet weight(± SE) for M. domestica larvae. Treatment 
percentages refer to concentration of garlic oil in distilled water. 5 replicate tubes of 15 M. 
domestica larvae exposed. Superscripts indicate homogenous subsets that are significantly 
different to each other (Tukey's pair-wise comparison, p < 0. 05, calculated using transformed data). 
N. B. 0. 5% Oil is adjuvant oil diluted in water. 
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Oxidised glutathione content (GSSG) 
Variances were still heteroscedastic after Box-Cox transformation (Levene's,p, 0.05); one-
way ANOV A revealed a significant difference between the treatment means (F = 21.03, df 
= 4, p < 0.001, table 6.12), supported by a significant Kruskai-Wallis result (H = 18. 79, df 
=4, p < 0.01). No significant relation ship between garlic concentration and GSSG content 
was found. Dunnett's TJ pair-wise comparisons indicated no significant difference 
between the control, oil and 1% garlic treatments. The 2% and 5% garlic treatments were 
significantly different to the control group but not each other (p < 0.05, figure 6.13). 
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Source Sums of df Mean Square F Si g. 
S uares 
Between Treatments (Combined) 1.18 X 10· 4 29.50 X 10· 21 .03 p < 0.001 
Linear Term Contrast 0.08 X 10'6 1 0.83x10'6 0.59 p > 0.05 
Within Treatments 2.81 X 10'5 20 1.40 X 10'6 
Total 1.46 X 10-4 24 
Table 6.12: ANOVA results for oxidised glutathione content (GSSG) in M. domestica laNae. 
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Fig 6.13: Mean GSSG content in fmol I mg wet weight(± SE) for M. domestica laNae. Treatment 
percentages refer to concentration of garlic oil in distilled water. 5 replicate tubes of 15 M. 
domestica laNae exposed. Superscripts indicate homogenous subsets that are significantly 
different to each other (Dunnett's T3 pair-wise comparison, p < 0. 05, calculated using transfonned 
data). N.B. 0.5% Oil is adjuvant oil diluted in water. 
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6.2 The Effect of Garlic Oil on Lactate Production 
Lactate content was determined using the Sigma-Aidrich lactate kit, 826-B, procedure no 
826-uv. The principle of the assay is as follows; lactate, in the presence of excess 
nicotinamide adenine dinucleotide (NAD} and lactate dehydrogenase is oxidised forming 
pyruvate and reduced nicotinamide adenine dinucleotide (NADH). The pyruvate is 
trapped using hydrazine in order to prevent the reaction from being reversed, i.e. pyruvate 
is oxidised to form lactate. The assay monitors the formation of reduced nicotinamide 
adenine dinucleotide (NADH) by recording the mean rate of change of absorbance of the 
reaction mixture at 340nm using a spectrophotometer, which is a measure of the total 
lactate amount originally present. 
6.2.1 Method 
6. 2. 2 Lactate content determination 
All reagents and chemicals necessary for the procedure are contained within the kit and 
solutions made up according to the kit instructions. 2.0ml of 0.6M glycine buffer and 
hydrazine at pH 9.2 was added to a vial containing I Omg of nicotinamide adenine 
dinucleotide (NAD+), and mixed with 4ml of distilled water and 0.1 ml of a I OOOU/ml 
solution of lactate dehydrogenase (LDH). Samples of fly homogenates were taken from 
the exposed fly homogenate used in section 6.1. 10~ of each treatment replicate was 
added to triplicate wells on a 96 well microtitre plate, followed by 290J.tl of the NAD+ 
mixture. Six blank wells were set up in this fashion using 8% PCA neutralised with 16% 
KOH at a ratio of 4: I 0 (KOH : PCA) instead of homogenate. A series of standards was 
also assayed to allow the calculation of a standard curve. Concentrations of lactate used 
were; 4, 1.30, 0.65, 0.33, 0.16 and Ommol/1. The plate was covered and incubated for IS 
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minutes at 37°C. After I 5 minutes, the absorbance of the mixtures was read using a 
Molecular Devices ltd, Optimax tuneable micro plate spectrophotometer at 340nm. The 
mean blank absorbance value was subtracted from the sample wells in order to give the 
true change in absorbance. The lactate content of the sample was then calculated using the 
equation of the standard curve, by substituting the mean absorbences obtained for the three 
wells for the y value. Final lactate content was expressed as the total lactate content in 
moles per wet weight of fly material used. 
6. 2. 3 Statistical analysis 
The equation of the standard curve was calculated using linear regression, and comparisons 
between treatment means were conducted using one-way ANOV A on log or square root 
transformed data where variances were found to be heteroscedastic using Levene's test. 
Where square root or log transformations did not improve heteroscedasticity, a Box-Cox 
transformation was applied (Krebs 1999). Where data were still found to be 
heteroscedastic the ANOV A was performed and the result checked using a non-parametric 
Kruskal-Wallis test; where the results conflicted, the Kruskal-Wallis test was accepted; 
where they agreed the ANOV A result was accepted. A linear contrast was applied to the 
garlic treatments as part of the ANOV A, to determine significant relationships between the 
garlic oil mixture concentrations and lactate amount. Post hoc analysis was performed 
using Tukey's pair -wise comparison test for homoscedastic data and Dunnett's T3 pair-
wise comparison test for heteroscedastic data. No post hoc analysis is available for 
Kruskal-Wallis results, so differences between treatments were determined by comparison 
of95% confidence intervals {Cl) plotted for treatment means. 
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6. 2. 6 Delia radicum 
Adults 
Treatment vanances were homoscedastic, so no transformation was required, one-way 
ANOV A revealed no significant difference between the treatment means for lactate 
content and no significant relationship (linear contrast) was found between the lactate 
content and garlic concentration (table 6.13 and figure 6.15). 
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Source Sums of df Mean Square F Sig . 
Between Treatments (Combined) 4 2.32 X 10· 2.35 p > 0.05 
Linear Term Contrast 1 1.04 X 10-5 1.06 p > 0.05 
Within Treatments 17 0.98 X 10-5 
Total 21 
Table 6.13: ANOVA results for total lactate content of 0 . radicum adults. 
0.020 
-:£: 
.~ 
(1) 
3: 
+' (1) 0 .015 
3: 
>. 
,.::: 
Cl 
E 
0 0.010 
E 
0.. 
+' c: 
(1) 
c 
0 0.005 0 
(1) 
..... 
ro 
...... 
u 
ro 
_. 
0% 0.1 0% 0.25°.(, 0.50"A> 0.5%0il 
Treatment 
Fig 6.15: Mean lactate content in pmol I mg wet weight (± SE) for D. radicum adults. Treatment 
percentages refer to concentration of garlic oil in distilled water. 5 replicate tubes of 15 D. radicum 
adults exposed. N. B. 0.5% Oil is adjuvant oil diluted in water. 
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Source Sums of df Mean Square F Sig. 
Between Treatments (Combined} 4 3.37 X 10 1.54 p > 0.05 
Linear Term Contrast 1 6.44 X 10·6 2.91 p > 0.05 
Within Treatments 20 2.19 X 10·6 
Total 24 
Table 6.14: ANOVA results for total lactate content of D. radicum laNae. 
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Fig 6. 16: Mean lactate content in pmol I mg wet weight (± SE) for D. radicum laNae. Treatment 
percentages refer to concentration of garlic oil in distilled water. 5 replicate tubes of 15 D. radicum 
laNae exposed. N.B. 0.5% Oil is adjuvant oil diluted in water. 
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6. 2. 7 Musca domestica 
Adults 
Treatment variances were homoscedastic so no transformation was necessary, one-way 
ANOVA indicted no significant difference was found between the treatment means for 
total lactate content and no significant relationship (linear contrast) was found between 
lactate content and garlic concentration (table 61 5, figure 6. 17). 
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Source Sums of df Mean Square F Si g. 
Between Treatments (Combined) 4 1.48 X 10 0.42 p > 0.05 
Linear Term Contrast 1 0.12 x 10·6 0.03 p > 0.05 
Within Treatments 20 3.52 X 10·6 
Total 24 
Table 6.15: ANOVA results for total lactate content of M. domesfica adults. 
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Fig 6.17: Mean lactate content in pmol I mg wet weight(± SE) for M. domestica adults. Treatment 
percentages refer to concentration of garlic oil in distilled water. 5 replicate tubes of 15 M. 
domestica adults exposed. N. B. 0. 5% Oil is adjuvant oil diluted in water. 
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Larvae 
Treatment vanances were heteroscedastic, with no improvement after Box-Cox 
transformation. One-way ANOV A indicated a significant difference between the 
treatment means for total lactate content (F = 6.83, df = 4, p < 0.0 I, table 6.16), supported 
by a significant Kruskai-Wallis result (H = 14.04, df= 4, p < 0.01). A significant positive 
relationship was also noted between the total lactate content and garlic concentration 
(linear contrast, F = 16.36, p < 0.05, table 6.16 and figure 6.18). Dunnett's T3 pair-wise 
comparison indicated no significant difference between the treatments when compared 
with control. A significant difference was found between the I% and 5% garlic treatments. 
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Source Sums of df Mean Square F Sig. 
S uares 
Between Treatments (Combined) 0.068 4 0.017 6 .83 p < 0.01 
Linear Term Contrast 0.041 1 0 .041 16.36 p < 0.01 
Within Treatments 0.050 20 0.002 
Total 0.118 24 
Table 6.16: ANOVA results for total lactate content of M. domestica larvae. 
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Fig 6.18: Mean lactate content in pmol I mg wet weight(± SE) for M. domestica larvae. Treatment 
percentages refer to concentration of garlic oil in distilled water. 5 replicate tubes of 15 M. 
domestica larvae exposed. Superscripts indicate homogenous subsets that are significantly 
different to each other (Dunnett's T3 pair-wise comparison, p < 0. 05, calculated using transfonned 
data). N.B. 0.5% Oil is adjuvant oil diluted in water. 
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6.3 Discussion 
6. 3.1 Glutathione content 
The data presented here show that generally, there is a decrease in the total glutathione 
content of the tested organisms with increasing garlic concentration (see table 6.17 for 
summary). There are exceptions however, notably the cabbage root fly adults which 
exhibit an increase in total glutathione and GSH with increasing garlic concentration. The 
concentrations used in this trial were set at sub lethal levels with corresponding low 
mortality rates, approximately 50% mortality at 0.5% garlic concentration (See chapter 4) 
and garlic has been noted to have antioxidant effects when used at low doses. Wu et a! 
(2001) demonstrated significant increases in the GSH content of rat red blood cells after 
oral administration to either garlic oil, diallyl disulfide or diallyl trisulfide. They further 
noted that the activity of glutathione reductase (responsible for reducing GSSG to GSH, 
and thus maintaining the GSH pool) was also increased with exposure to garlic 
compounds. Whilst accepting that the physiology of a rat and a fly are radically different; 
it is possible that a similar process occurs in the adult fly. Certainly, these results are in 
accord with those found by Wu et a/, with a corresponding decrease in GSSG with 
increasing GSH. This indicates a reduction in metabolic demand on the GSH pool or 
increased activity of glutathione reductase, rapidly reducing the oxidised glutathione (i.e. 
converting GSSG to GSH). 
Metabolite M. domestica M. domestica 
larvae adult 
D. radicum 
larvae 
D. radicum 
adult 
Total Glutathione (GSH and GSSG) Decrease Decrease Decrease Increase 
GSH Decrease Decrease Decrease Increase 
GSSG Decrease Decrease Increase Decrease 
Lactate No chan e Increase No chan e No chan e 
Table 6.17: Relationship between metabolite amount and garlic mixture concentration in each life 
stage of the two target species exposed, e.g. 'decrease', indicates a decrease in metabo/ite 
amount with increasing garlic mixture concentration. 
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In the adult cabbage root fly the changes in the glutathione pool cannot explain the 
mortality effect noted at the concentrations used, as the adjuvant oil treatment had 
significantly higher levels ofGSH and total glutathione (figures 6.2 and 6.3) than the garlic 
treatments, but mortalities that were not significantly different to those of the control 
treatments (see chapter 4). This suggests that the noted increase in GSH and total 
glutathione is not linked to mortality. It is also possible that the observed increase in total 
glutathione and GSH is linked to the increase in adjuvant oil concentration in the garlic 
treatments rather than an increase in the garlic concentration. Because the garlic treatment 
is a mixture of garlic oil and adjuvant oil diluted with water, an increase in the treatment 
concentration corresponds to an increase in both the amount of garlic oil and the amount of 
adjuvant oil. The possibility that this result is spurious cannot be mled out though as the 
oil treatment in the adult D. radicum is unusual when compared to the D. radicum larvae 
and M. domestica data where the glutathione levels of the adjuvant oil treatments are not 
significantly different to those of the control treatment. 
The observation that total glutathione content decreases with increasing garlic 
concentration IS consistent for all other life stages in both species. Largely this IS a 
reflection of the reduction in GSH amount with garlic exposure. Theoretically, a reduction 
in GSH would be expected to correspond with an increase in GSSG as the GSH would be 
converted to GSSG until subsequent reduction by glutathione reductase. This enables the 
insect to maintain a reducing environment affording protection from oxidising agents such 
as ROS (Aucoin et al. 1995). Such modifications of the GSH pool (decreased GSH and 
increased GSSG amounts) have been noted in Manduca sexta when exposed to alpha-
terthienyl, a photosensitiser activated by UV light (Aucoin et al. 1995), which causes 
increased oxidative stress. This is not the case here, as the total content of GSSG also 
decreases with increasing garlic concentration in all life stages of the M. domestica and the 
adults of D. radicum, indicating that there is a net loss of glutathione from the organisms 
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The fate of conjugated glutathione in insects is poorly understood, although Dykstra & 
Dauterman (1978) have demonstrated excretion of mercapturic acid derivatives in the 
American cockroach consistent with those noted in vertebrate glutathione conjugate 
metabolisation. The loss of glutathione suggests that the effect of the garlic on the 
glutathione pool is consistent with that of an increase in detoxification through conjugation 
pathways rather than through oxidation to GSSG, likely mediated by glutathione S-
transferase. 
Another possible drain on the reduced glutathione pool may be hydrogen peroxide 
production. Exposure of cancer cells to garlic oils has been shown to induce cell apoptosis 
by increasing H20 2 production (Thatte et al. 2000). Kwon et a/ (2002) also showed that 
hydrogen peroxide production increased in human leukaemia cells when exposed to diallyl 
disulfide, contributing to cell apoptosis. Any increase of H20 2 in a healthy cell would 
increase the activity of glutathione peroxidase leading to a depletion of the reduced 
glutathione pool and an increase of GSSG. GSSG is then actively transported out of the 
cells, where it is broken down and recycled for glutathione synthesis (Halliwell & 
Gutteridge 1999). The loss of total glutathione in sufficiently large quantities for sustained 
periods could have serious consequences, reducing the organism's capability to deal with 
endogenous production of toxins, and maintain protein thiols, leaving it susceptible to 
oxidative damage. This is supported here as both large decreases in glutathione content 
and mortality (see chapter 4) correspond to increased garlic concentration. 
6. 3. 2 Lactate content 
No significant difference or relationship was found between the treatments except in the 
housefly larvae. Although non-significant, the data suggest an increase in lactate content 
with increasing garlic concentration exposure in the cabbage root fly larvae. This trend is 
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not present in the adults. An increase in lactate production with increasing garlic 
concentration would suggest a switch from aerobic metabolism to anaerobic metabolism, 
normally initiated by oxygen depletion (Gilbert 1992}. As the insects are exposed to the 
treatments in an aerobic environment, oxygen is unlikely to be a limiting factor. 
Anaerobic respiration where oxygen is not limiting could occur if the citric acid cycle was 
disrupted, limiting the necessary components required for ATP production in 
mitochondria; or by disrupting mitochondrial function directly. Inhibition of any of the 
enzymes essential to these processes would result in an increase in anaerobic respiration 
and thus an increase in lactate. Ultimately the formation of lactic acid in the cell and 
consequential drop in pH would prove fatal for the cell and could contribute to mortality. 
It is unlikely that this mechanism is responsible for larval mortality, as the oil treatment 
individuals also have high lactate contents group but very low mortalities relative to the 
control. 
The hypothesis that an increase in lactate contributes to the toxic action of the garlic oil 
and adjuvant oil mixture used here, on M domestica and D. radicum is not supported by 
these data. 
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7.0 Insecticidal Activity 
The garlic oil and adjuvant mixture used throughout this thesis clearly shows promise for 
use as an insecticide. It is possible that the mode of action is through a mixture of 
repellence and ovicidal activity, although evidence for repellence is weak, with egg 
numbers laid in garlic prill treated Petri dishes not significantly lower that those in control 
dishes. Further experiments would be required to prove unequivocally whether repellence 
does have a significant effect on the numbers of eggs laid. Another appropriate way of 
determining repellence for further work would be to investigate the effect of the prills or 
liquid on the behaviour of adult female flies. By studying the behaviour of gravid female 
flies on whole swede plants treated with the garlic prills, it would be possible to assess the 
change in behaviour in comparison to a non-treated plant. 
Repellence may operate on a behaviour involved with initial plant selection, which is 
determined on the basis of chemical cues fi·om the plant leaf (Traynier 1967b; Coaker & 
Finch 1971; Braven et al. 1996); subtle alterations in behaviour at this point might 
dissuade the fly from laying eggs. It is possible that the cues emanating from the swede 
cubes used in the repellence trials in this thesis influence the plant selection behaviour of 
the fly, generating the risk of an artificial appraisal of repellent effects. Such subtle 
modifications of adult behaviour in the field may well contribute to the success of the prills 
when used in the field trials; nonetheless, repellence can only provide a certain level of 
protection by preventing egg laying. Prevention of egg laying cannot stop the hatching of 
eggs already present in the crop, consequently tme insecticidal qualities such as ovicidal 
and larvicidal activity are essential to ensure the success of the garlic oil products in the 
field. 
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Concentration dependent mortality response has been demonstrated for all of the life stages 
of both D. radicum and M domestica, with the eggs and adults of each proving particularly 
susceptible to the garlic oil. The effect of the prills or liquid on neonatal larvae was not 
elucidated in the trials due to the difficulties of working with the tiny animals. There is a 
clear ovicidal effect, and the Petri dish trials containing a swede cube demonstrated that 
not all of the subsequently hatched larvae reached the swede. Whether this was due to 
toxicity of the garlic on the larvae or a repellent effect that confuses the larvae preventing 
them from finding the swede is not known. Further work assessing toxicity toward early 
first instar larvae would be necessary to clarify this. Both aspects, repellence and toxicity 
toward young larvae, should be considered as they would both play an important role in 
crop protection. Repelling or preventing effective detection of the crop, or increasing 
mortality levels, would reduce larval recruitment and subsequent crop damage. 
A larvicidal effect of the garlic products also has implications for use in the field. If the 
garlic oil is only effective against the eggs (a fair assessment from the data presented here, 
as the second instar larvae proved particularly tolerant to the liquid; see chapter 4), then the 
window of opportunity for application is restricted to the period before the eggs hatch. If 
the products proved effective in controlling first instar larvae, then that time is extended to 
include the time before larvae reach the swede. This gives the farmer more time in which 
to prepare, and to apply the products once the threshold of pest threat is reached, 
consequently improving efficacy in the field. 
Laboratory trials therefore indicate that both the liquid and prill products would be most 
effective when the eggs are targeted, and this was successfully demonstrated in both the 
liquid and prill field trials. In terms of crop protection, using the products to control adults 
would be impractical, as the presence of the adult in a field does not necessarily mean that 
the crop is at risk; such a tactic would increase the chances of spraying the crop 
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unnecessarily. It is far better to have timed applications of pesticide when the real threat, 
i.e. imminent hatch of larvae, is present. This is easily achieved by having a dedicated 
team of people to 'walk the crop' and randomly check for eggs. This very approach is 
presently used by K.S. Cotes, the owners of the farm where the field trials were carried out. 
The performance of the garlic products when compared to the current best practice, 
Birlane® was also encouraging. When used at the higher rates of application the garlic 
provided protection of the crop which was at least as good as Birlane® treatments; whether 
the garlic product would be a successful replacement for Birlane® remains to be seen, but 
the potential exists. The success of the products will most likely depend on cost; the rates 
of application in some cases in the field trials were very high when compared to usage 
rates of the current pesticides. In certain cases, particularly using the prills, it may be 
impractical to apply the large quantities used in this study, even before the cost factor is 
considered. This is perhaps to be expected for a new product though, and with further 
development and research into the agronomy and formulation of the product, both field 
application methods and efficacy could be improved with the purpose of reducing the cost 
to the farmer. 
More work will need to be conducted to address the period of effective control provided by 
a single application of the garlic product. Assessing the levels of damage in a field trial 
using repeated samples of a treated plot would allow a better understanding of persistence. 
Without knowing how long the products provide effective control, it will be difficult for 
the farmer to know when further applications need to be made. Other elements of the 
agronomy and formulation of the prills may well improve performance. Re-engineering 
the prills to hold greater quantities of garlic oil may reduce costs by increasing the amount 
of active ingredient per unit area; application rates should concomitantly decrease. A 
further problem identified with the prills was the difficulty in achieving an even 
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distribution of the product when applying small quantities. Often, there were too few prills 
to provide coverage for each plant; which left some plants unprotected. Reducing the 
calibre of the prills may well be a solution to this problem, as there would be more prills 
per unit mass, allowing more even distribution. Reducing prill calibre may raise other 
problems however, as smaller prills may not be compatible with the current farm 
machinery, and may alter the rate at which the garlic oil is released from the prill, possibly 
affecting persistence of effects. 
This thesis has focused on the use of either prills or liquid, it may be the case that optimal 
control could be achieved using a combination of the two products. As mentioned in 
previous discussion sections, the efficacy of the prills seems to be linked to the levels of 
moisture in the substrate on which they are applied. A possible method of improving 
efficacy no matter what the local environmental conditions would be to distribute the prills 
through the soil matrix, thus ensuring that the prills are kept in damp or humid conditions. 
Application during drilling of brassica seeds would provide protection to the emergent 
swede when they are most vulnerable; damage to the root system of young plants often 
causes death, whereas larger plants can sustain root damage without dying (Finch & 
Collier 2000). Once the plants have established, follow up applications of the liquid 
product could be used to suppress cabbage root fly damage. Extensive field trailing would 
be required to prove that this would provide the most effective means of controlling 
cabbage root fly. 
The garlic products used here may be criticised due to their potential lack of specificity; 
the literature already points out a number of different insect orders all susceptible to the 
toxic or repellent effects of garlic extracts and oils, some of which are similar to the garlic 
oil used in this thesis. There is no doubt that beneficial insects in the agricultural 
environment will be susceptible, in vary1ng degrees, to these garlic products. The 
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magnitude of these effects on imp01tant beneficial species is an area where considerable 
research should be undertaken if such products are to be used responsibly in a sustainable 
system. There are already reports of garlic compounds being toxic to ladybirds and 
hoverfly larvae, important predators of aphids (Nasseh 1981; Nasseh 1982). Toxicity 
toward other beetle species such as Carabids (largely egg predators) and Staphylinid (egg 
predators, and larval parasitoids, e.g. Aleochara bilineata Gyll.) (Finch 2000) would be 
disadvantageous. Preliminary trials undertaken by Longley (pers. comm.) showed that a 
5% solution of the garlic oil and adjuvant mixture was sufficient to achieve 100% mortality 
in the Carabid beetles Pterostichns melanarius (L.) and an unidentified species of the 
genus Bembidion, when enclosed on treated filter papers. These bioassay experiments, 
similar to those used in the laboratory trials in this thesis (see chapters 3 and 4) could 
easily be used to assess the effects of the prills and the liquid on these key beneficial 
insects. 
Garlic volatiles may also affect the behaviour of beneficial insects. Many of the 
parasitoids that prey on the larvae of the Lepidopteran pests (e.g. Pieris bra.nicae L.) may 
be sensitive to the garlic volatiles, possibly reducing parasitoids numbers in the field or 
preventing them from effectively finding their hosts. This could potentially allow increased 
populations of Lepidopteran pests in the crop. However, the non-specific nature of garlic 
oils may be beneficial, as it suggests that the number of pest species in brassica crops that 
can be controlled using the garlic products (prills and liquid) could be extended. 
Coleopteran and Lepidopteran pests are both common in brassica crops and have been 
shown to be susceptible to garlic oil exposure (Gurusubramanian & Krishna 1996; Landolt 
et al. 1999; Chiam et al. 1999; Ekesi 2000; Huang et al. 2000). Altering spray application 
methods to include a foliar spray with the garlic liquid will allow exposure of those pests 
which feed on the leaves and seed pods of the brassica plants (Kirk 1992). A significant 
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amount of field and laboratory work would need to be carried out in order to assess the 
efficacy of the garlic products against these pests. Proving that the products could control 
these pests also would however increase the potential commercial market to include all of 
the Brassica species where damage to the aerial parts of the plant is unacceptable (e.g. 
cabbage, broccoli and cauliflower). 
As no field trials were undertaken to assess the efficacy of the two products in 'the field' 
against M domestica, field trials will be necessary to determine whether the products 
would be effective. The main agricultural market in which M. domestica is a major pest is 
poultry farms where the entire invertebrate community found in the chicken manure is 
considered pestiferous (Axtell & Arends 1990). Determining effective use rates and 
methods of application will be as important as in the D. radicum trials however, and there 
could also be potential problems with residual garlic compounds in the manure when it is 
removed from the poultry farm. Commonly, the manure is provided to local farmers for 
use as fertiliser on the land (Axtell & Arends 1990) which once again raises the question of 
the impact of the residual garlic compounds on non-target organisms. 
One further area of study which is not addressed by this thesis is the potential impact of the 
products on aquatic communities should a pollution incident or accidental over-spray occur 
contaminating a watercourse. Although the research that has been performed suggests that 
garlic compounds break down quickly in water (Ramakrishnan et al. 1989), few studies 
consider the impact of garlic compounds on individual species, other than those conducted 
with controlling water borne pests (daphnia LC5o is known and is several mg per litre -
ECOspral) data) (Singh & Singh 1993; Jarial 200 I). The relatively low toxicity of the 
garlic oil on daphnia is supported by Moore's (2001) work which investigated the effect of 
dissolved prills on a range of species. The mayfly larvae Cloeon dipterum (L.), 
unidentified water mites and the brine shrimp Artemia salina (L.) showed mortality levels 
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not significantly different to that of the control in 48hr LC50 trials (maximum exposure rate 
2 g/1). The aquatic bug Plea leachi (Mashiwitz) and Chironimid larvae did respond having 
LCso values of92 mg/1 and 2g/l respectively. This study adds further support to the theory 
that the garlic products (at least the prills) would be relatively benign if spilled into aquatic 
systems. Further work would however need to be undertaken to prove this unequivocally 
for both products. 
7.1 Mode of Action 
The finer detail of how the garlic oil causes insect mortality is still unclear. The enzyme 
systems and metabolites studied here do not reveal a significant effect of the garlic 
products on any one system to be the cause of mortality. What is evident from the work is 
that the garlic compounds affect a number of systems and enzymes. Both carboxyl esterase 
and glutathione S-transferase activities respond to increasing garlic oil concentration and it 
may be that the impact of the garlic compounds on a number of systems, for example, 
lactate dehydrogenase (Bogin & Abrams 1976), and cytochromes P450 (Fujita & Kamataki 
2001) contribute towards its mortality through multiple mechanisms. The net effect of a 
number of small interferences may cause death. 
The response of the decrease in the glutathione pool after exposure to increasing garlic 
concentrations is interesting. The fact that the pool responds in the same way in almost all 
of the life stages studied, in both species, suggests that overall glutathione decline is 
involved in the toxic mechanism of garlic, for example by reducing the insect's ability to 
deal with oxidative stress and maintain thiol protein integrity and function. The inhibition 
of glutathione S-transferase by the garlic oil adds weight to this argument; any reduction in 
the activity of this enzyme would allow the build up of cellular toxins, whether 
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endogenous or exogenous, possibly causing cell death. Further studies of the enzymes 
involved in the glutathione system would help to elucidate what is happening. 
The activity of glutathione peroxidase may be increased by garlic exposure; H20 2 (a 
substrate of glutathione peroxidase) production in human leukaemia cells has been shown 
to increase after exposure to diallyl disulfide (Kwon et al. 2002). Large increases in H20 2 
would invoke much greater activities of glutathione peroxidase in the cell, consequently 
generating GSSG. If the garlic compounds also inhibited glutathione reductase, as 
demonstrated by Gallwitz et a/ (1999) using ajoene (another possible component of the 
garlic oil, see section 1.3.1, chapter I), then the oxidised glutathione would not be returned 
to its reduced state (GSH, see figure 6.0, chapter 6) allowing levels of GSSG to increase. 
As elevated GSSG is toxic to the cell (as a result of thiol disulphide transfer with proteins) 
it is actively transported out of the cells, broken down and recycled for glutathione 
synthesis (Halliwell & Gutteridge 1999). lf the enzymes involved with glutathione 
synthesis were also inhibited then fresh glutathione could not be produced to replace that 
which was lost from the cell. 
A further potential interaction of the garlic compounds, attributing to the loss of total 
glutathione, would be through direct thiol disulphide exchange with the GSH tripeptide. 
This would produce mixed disulphides that would be transported out of the cell where they 
would be broken down and the glutamate portion recycled into glutathione synthesis or 
broken down by glutathione reductase releasing GSH back into the system (see figure 6.0, 
chapter 6). The loss of total glutathione in sufficiently large quantities for sustained 
periods could have serious consequences, as it will reduce the organism's capability to deal 
with endogenous production of toxins, and to maintain protein thiols, leaving it susceptible 
to oxidative damage. Again, further work will be needed to assess the effect of the garlic 
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oil on these enzyme systems, in order to fully understand what is happening to cause the 
net loss of glutathione from the organism. 
It is therefore likely that the mortality of insects exposed to this garlic oil is due to 
oxidative stress because of glutathione depletion and possible interference with glutathione 
synthesis. Protein bound thiol interference through cross-linking and the formation of 
mixed disulphides leading to the inhibition of enzyme activity and exacerbation of 
glutathione loss may also play a part. It is possible that the compounds found in the garlic 
oil inhibit the thiol containing enzymes, essential to the functioning of mitochondria 
(porter proteins, e.g. adenylate translocase responsible for ADP and ATP transfer across 
the mitochondrial membrane), as there was an increases in the total lactate content of the 
larvae of the species studied (although not significantly in D. radicum) which would 
indicate a switch to anaerobic respiration indicative of mitochondrial inhibition. Tatsumi 
& Kako (1993) showed that increased levels of H20 2 could inhibit adenine nucleotide 
translocase enzymes (such as adenylate translocase) causing mitochondrial dysfunction in 
rat heart cells, and that inhibition of glutathione reductase and depletion of the GSH pool 
exacerbated the situation. A similar process may occur in the insects exposed to the garlic 
compounds as there is a net loss of glutathione from the insect after exposure to the garlic 
oil. Further replication of the lactate assay performed in this thesis would be needed in 
order to confirm unequivocally that there was a significant increase in lactate production 
before this theory can be accepted. The function of the mitochondria of exposed 
individuals could also be evaluated by measuring the activity of adenylate translocase of 
exposed individuals. 
As noted earlier, certain human cytochromes P450 (monooxygenases) enzymes are also 
inhibited by diallyl disulfide (present in the garlic oil used here); inhibition of insect 
cytochromes P4SO could have significant effects on insect health. The monooxygenases 
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have been shown to be essential in the synthesis and degradation of insect hormones (Scott 
1999). Interference of these enzymes may prevent successful development of the insect, 
for example, inducers and inhibitors of cytochromes P450 can disrupt development, 
morphology and affect mortality rates ofDipteran species, with inhibition of certain P450s 
preventing larvae from moulting (Darvas et al. 1992; Fuchs et al. 1993). Similar 
alterations in development have been noted in insects exposed to garlic extracts; Nasseh 
( 1982) noted incomplete metamorphosis in the lacewing, Chrysopa carnea, and 
Gurusubramanian & Krishna (1996) showed that exposure of various Lepidopteran eggs to 
garlic extracts reduced egg viability and caused developmental defects in the larval and 
pupal stages. Cytochrome P450 inhibition, therefore, may well contribute to the reduction 
in Dipteran egg hatch noted in this thesis. Further studies investigating the effect of garlic 
oil on the cytochrome P450 enzymes crucial to development will determine the effect of 
the garlic compounds on development. It may be that this represents a potential single, 
specific mode of action for garlic compounds when used against eggs and larval insects 
stages. 
7.2 Conclusions 
The garlic oil products used in these experiments could prove effective as an insecticide for 
use against Delia radicum and Musca domestica. In both species, the adult and egg stages 
were most susceptible to the liquid product, and significant reductions in egg viability were 
achieved when exposing eggs to the garlic prills. These effects were replicated in the field 
providing successful control of D. radicum, although the usage rates of the products 
required to provide control comparable to that of the current best practice may prove 
prohibitively expensive for the farmers. Considerable research is required to satisfactorily 
assess the longevity of the products in the field, improve their 'cost effectiveness' and to 
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determine their impact on non-target beneficial organisms. A similar programme of 
research needs to be conducted to determine the efficacy of the garlic products on M 
domestica in an agricultural context, as for that of D. radicum, similar considerations will 
need to be made regarding potential effects on non-target organisms. 
The physiological mode of action causing mortality is unclear from this study. The garlic 
products do affect a number of systems; notably glutathione S-transferase and 
carboxylesterase are inhibited both in vitro and in vivo with increasing garlic oil 
concentrations. Total glutathione content of the larval and adult life stages was shown to 
decrease with increasing concentrations of the garlic liquid. Contrary to the findings of 
other authors' work (Bhatnagar-Thomas & Pal 1974b ), the garlic oil use here did not 
inhibit acetylcholinesterase. The cause of death of these life stages is postulated to be due 
to the lack of a ability for the organism to maintain a reducing cellular environment (thus 
preventing oxidative stress) as a result of glutathione depletion. Inhibition of other 
enzymes not studied here may well play a part in preventing egg development and larval 
survival, such as cytochromes P450. 
327 
.,. 
Appendices· 
328 
Appendix 1: Insect cultures 
D. radicum 
Flies were kept in plastic cages (approximately O.Sm x O.Sm x 0.5m) with a mesh front to 
allow ventilation and access. The cages are housed within a constant temperature room 
with a 16:8hr L:D regime and 60% ± 5% relative humidity at 20oC ± 2oC, mimicking UK 
summer conditions, using similar methods to those prescribed by Finch and Coaker (1969). 
Flies were fed on a I 0% sucrose solution absorbed onto cotton wool in a 9cm Petri dish 
along with a Petri dish spread with yeast extract, honey, brewers yeast and soya flour. A 
dish of water soaked cotton wool was also provided. These food and water dishes were 
replaced every other day. Twice weekly a 20cm plant pot containing a swede set in sand 
was placed in the cage to provide a suitable site for oviposition. Once removed, the 
exposed pots were kept for one month to allow egg hatch, larval feeding and pupation 
Pots were covered with mesh to prevent further oviposition and newly hatched flies from 
escaping. After one month the swede was removed from the pot and the sand decanted 
into water and the floating pupae strained off through a sieve and retained to stock a new 
cage. Cages were maintained for four weeks after which the flies were destroyed, making 
way for a new batch. 
M domestica 
House flies were kept in mesh covered w1re lampshades under constant environmental 
conditions (16:8hr L:D regime and 60% ± 5% relative humidity at 20°C ± 2°C). Food and 
oviposition sites were provided by provision of Petri dishes containing I 0% powdered milk 
solution absorbed onto cotton wool. Dishes were changed three times a week and eggs 
collected from the cotton wool and placed in jars containing bran mixed with I 0% 
powdered milk solution and brewers yeast. Jar tops were covered with mesh to prevent 
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Appendix 2: Egg collection 
D. radicum 
A Petri dish of sharp sand was placed within the culture cage containing flies of 7-14 days 
old for 24hrs with a piece of swede (approximately 2cm square) laid on the sand. After 
this time the sand was decanted into a beaker of water, and eggs were removed by filtering 
them through a fine mesh. Any Empty egg cases were discarded. This method has been 
shown to recover 94.8% (±0.16) of eggs laid in the sand (Holmes 1986). 
M. domeslica 
Eggs were collected from the milk pads provided for food in the housefly cages; eggs were 
picked from the wool using fine forceps taking care not to damage them and placed in a 
beaker of water where viable eggs sink and hatched or non-viable eggs float. Floating eggs 
were poured away and those remaining were collected by filtering through a fine mesh 
(2mm grid). Eggs were collected daily to ensure that they were used within a few hours of 
being laid as eggs begin to hatch within 12hrs (Oidroyd 1964). 
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